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1.  Forward 


Novel  experimental  techniques  are  needed  to  assess  material  response  at  extreme  en¬ 
vironment  such  as  high  strain  rate,  high  temperature,  and  high  heating  rate.  In  these 
situations  the  common  resistance  strwn  gage  technique  is  not  applicable.  Photoelasticity 
(or  any  birefringent  method)  is  an  indirect  modeling  technique  whereby  the  birefringence  of 
a  transparent  material  under  load  is  related  to  the  response  of  an  actual  material.  This  tech¬ 
nique  is  obviously  not  applicable  to  the  extreme  environments  cited  above.  Moire  method 
(including  moire  interferometry  and  grid  (grating)  methods)  requires  that  an  alien  piece  of 
material  (i.e.  grating)  be  somehow  attached  or  engraved  onto  the  specimen  surface.  Apart 
from  possible  reinforcing  or  weakening  effect  to  the  specimen,  this  foreign  material  may 
itself  become  disintegrated  in  the  extreme  environment.  Holographic  interferometry  has 
none  of  the  above  drawbacks.  However,  it  is  not  a  technique  that  is  suitable  for  measuring 
in*plane  displacement  (and  hence  strain)  except  through  rather  involved  optical  arrange¬ 
ment  and  complicated  calculation.  Since  it  measures  total  optical  path  ch  mge  between 
two  states  of  an  object  the  fringes  resulting  l  orn  rigid  body  movement  tends  i-)  overwhelm 
that  due  to  deformation.  And  its  extreme  sensitivity  also  renders  it  being  nor  npplica- 
ble  to  finite  strain  analysis.  Furthermore  its  stringent  requirement  on  vibration  isolation 
essentially  prevents  it  from  being  used  in  the  field. 

Tat  laser  speckle  method,  on  the  other  hand,  does  not  have  the  restrictions  that  lim¬ 
its  holographic  interferometry.  Similar  to  holographic  interferometry  no  foreign  material 
needs  to  be  attached  to  the  specimen  except  the  impingement  of  photons.  But  unlike  holo¬ 
graphic  interferometry  it  requires  no  stringent  vibration  isolation  and  measures  in-plane 
displacement.  It  can  be  applied  to  finite  as  well  as  small  deformation;  it  4.  not  affected  by 
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high  temperature  and  its  response  is  instantaneous  (  at  the  speed  of  light).  This  project 
addresses  the  development  of  two  automated  speckle  techniques  called  CASI  ^  Computer 
Aided  Speckle  Interferometry)  and  LSS  (Laser  Speckle  Sensor)  and  their  applications  to  the 
study  of  gun  oscillation  during  firing  (jointly  with  Army  Ballistic  Research  Laboratory), 
the  testing  of  materials  under  high  strain  rate,  high  temperature  and  high  heating  rate 
(jointly  with  Army  Materials  Technology  Laboratory),  the  investigation  of  the  mechanics 
of  plastic  deformation  and  surface  roughness,  and  the  evaluation  of  material  damage  and 
fatigue. 

2.  Statement  of  the  Problems  Studied 

The  aim  of  the  project  is  to  develop  quantitative,  non-contact,  non-destructive  and 
remote  sensing  techniques  for  the  study  of  material  response  under  high  strain  rate,  high 
temperature  and  fatigue.  Two  laser  speckle  methods  have  been  developed  to  meet  this 
aim.  One  is  CASI  (Computer  Aided  Speckle  Interferometry)  and  the  other  is  LSS  (Laser 
Speckle  Sensor)  and  they  have  different  realms  of  application.  The  former  is  a  full  field  tech¬ 
nique  more  suitable  for  the  mapping  of  small  strain  distribution  and  the  latter  a  pointwise 
technique  more  useful  for  the  determination  of  finite  plastic  strain.  The  laser  speckle  inter¬ 
ferometry  technique  was  successfully  demonstrated  at  BRL  (Ballistic  Research  Laboratory) 
for  monitoring  the  oscillation  gun  muzzle  during  firing  and  at  MTL  (Material  Technology 
Laboratory)  for  studying  material  response  under  high  strain  rate,  high  temperature,  and 
high  heating  rate.  The  new  speckle  sensor  technique  has  been  shown  to  be  very  effective 
for  measuring  plastic  strain,  surface  roughness,  materiai  damage  and  the  state  of  fatigue. 
The  latter  has  the  potential  of  being  developed  into  a  field  tool  for  monitoring  material 
aging.  Some  important  results  are  summarized  in  the  following  section. 
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3.  Summary  of  the  Most  Important  Results 


3.1  Introduction 

A  total  of  thirty  three  papers  together  two  M.S.  theses  and  one  Ph.D.  dissertation 
have  resulted  from  this  investigation.  They  may  be  grouped  into  the  following  categories. 
The  first  group  is  a  series  of  six  papers  concerning  the  basic  study  of  pattern  recognition 
and  image  analysis.  The  second  group  of  eleven  papers  involves  the  development  of  CASI 
(Computer  Aided  Speckle  Interferometry)  and  its  application.  The  third  group  of  fourteen 
papers  concerns  with  the  development  of  LSS  and  its  applications.  And  there  are  two 
miscellaneous  papers.  One  on  contouring  by  moire  interferometry  and  the  other  on  crack 
tip  plasticity  of  a  single  crystal. 

3.2  Fundamental  Studies  of  Pattern  Recognition  and  Image  Analysis  [5,  8,  11, 
14,  16,  21]' 

In  the  development  of  CASI  and  LSS  the  laser  speckle  is  digitized  into  viifferent  gray 
levels  using  a  CCD  (charged  Couple  Device)  camera.  It  is  from  this  large  voluiuc  of  data 
(e.g.  1000x1000  pixels  x  IG  gray  levels/pixcl)  that  we  need  to  extract  useful  information 
pertaining  to  specimen  deformation.  To  this  end  we  devoted  part  of  our  efforts  to  some 
fundamental  issues  concerning  pattern  recognition  and  digital  image  analysis.  This  has 
resulted  in  six  publications.  The  insight  gained  in  this  endeavor  has  helped  materially 
in  the  conceptual  development  of  CASI  and  LSS.  In  particular  the  study  of  3D  moment 
method  (8,  14]  has  had  direct  bearing  on  one  of  the  approaches  used  in  LSS. 


‘Number  in  bracket  indicate  the  papers  in  the  publication  list  in  section  4. 
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3.3  Development  of  CAST  and  Its  Applications  [1,3,4,7,0,10,17,26,27,  32] 

Speckle  is  the  result  of  multiple  interference  of  a  large  number  of  wavelets  scattering 
from  an  optically  rough  surface  when  illuminated  by  a  coherent  laser  beam.  It  is  formed 
on  the  specimen  surface  as  well  as  in  space.  Traditionally  the  practice  of  one  beam  laser 
speckle  interferometry  (speckle  photography)  is  to  photograph  the  speckle  on  the  specimen 
surface  before  and  after  the  application  of  load  to  the  specimen.  The  two  speckle  patterns 
are  superimposed  on  film  via  double  exposure  and  subsequently  developed  (a  wet  process) 
in  a  dark  room.  The  resulting  specklegram  is  then  optical  Fourier  processed  using  a  laser. 
In  the  pointwise  approach  a  narrow  laser  beam  probes  a  point  giving  rise  to  a  diffraction 
halo  containing  Young’s  fringes  directly  related  to  the  displacement  vector  at  the  probed 
point.  In  the  full  field  approach  the  specklegram  is  inserted  in  a  Fourier  processing  optical 
bench  whereby  spatial  filtering  results  in  an  image  of  the  specimen  covered  with  isothetic 
fringes  (contours  of  equal  displacement  component).  In  either  case  the  fringe  pattern  needs 
to  be  recorded  again  on  film  and  developed  (a  second  wet  process).  The  procedures  are 
tedious,  time  consuming  and  error  prone. 

CASI  (Computer  Aided  Speckle  Interferometry)  on  the  other  hand,  eliminates  all  this 
procedures.  Instead  of  recording  speckles  on  film  the  pattern  is  directly  digitized  into  gray 
levels  using  a  CCD  (Charged  Couple  Device)  camera.  The  digitized  speckle  pattern  is 
processed  in  a  computer  using  different  techniques  of  digital  image  analysis  and  pattern 
recognition.  The  result  can  be  either  in  terms  of  Young’s  fringes  or  isothetic  fringes  identical 
to  that  produced  by  the  photographic  process.  Or  more  advantageously,  the  result  can  be 
directly  in  terms  of  displacement,  strain  or  stress  contours.  Furthermore  the  traditional 
photographic  approach,  excessive  rigid  body  displacement  between  exposures  often  results 
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in  speckle  decorrelation  leading  to  the  disappearance  of  fringes.  In  CASI,  however,  rigid 
body  displacement  between  two  speckle  patterns  is  unlimited  in  practical  terms,  for  the 
two  digital  images  can  always  be  shifted  digitally  towards  each  other  for  superposition.. 

The  development  of  CASI  evolves  gradually.  We  started  out  by  digital  processing 
the  photographically  obtained  Young’s  fringe  patterns  (1).  Then  we  studied  the  optimal 
resolution  for  correlation  calculation  for  both  laser  [3l  and  white  light  [4]  speckle  patterns. 
It  finally  culminated  via  a  different  approach  to  the  development  of  CASI  [20,  27,  28)  And 
we  checked  the  range  of  applicability  of  CASI  using  the  well  established  strain  gage  and 
moire  technique  [33].  CASI  may  be  considered  as  a  major  milestone  in  the  development 
of  experimental  techniques  of  stress  analysis.  For  the  first  time,  full  field  stress/strain 
information  can  be  obtained  without  sophisticated  instrumentation,  without  modification 
of,  or  attachment  to,  the  surface  of  a  specimen.  And  the  process  is  fully  automated.  Many 
applications  await. 

While  carrying  out  the  fundamental  developments  of  CASI,  we  concurrently  applied 
the  one  beam  laser  speckle  interferometry  technique  to  two  important  problems  of  Army 
interest.  The  first  is  an  application  of  the  technique  to  the  study  of  gun  oscillation  during 
firing.  We  first  tested  the  approach  to  investigating  the  transient  vibration  of  a  cantilever 
beam  [7].  After  convinced  of  its  accuracy  and  sensitivity  we  applied  it  to  the  monitoring 
of  muzzle  oscillation  of  a  20  mm  Vulcan  gun  during  actual  firing.  This  was  done  at  the 
Army  Ballistic  Research  Laboratory.  The  data  is  still  being  analyzed  for  the  purpose  of 
developing  a  computer  model.  Some  data  analysis  scheme  has  been  developed  [10]. 

The  second  is  the  application  of  laser  speckle  method  to  monitoring  material  response 
under  testing  conditions  of  high  strain  rate,  high  temperature  and  high  heating  rate  [17]. 
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This  experiment  was  carried  out  at  Dr.  Tony  Chou’s  laboratory  in  Army  Material  Tech¬ 
nology  Laboratory.  Traditional  strain  measuring  methods  give  an  average  strain  over  a 
certain  gage  length  over  which  the  strain  distribution  may  or  may  not  be  uniform.  Laser 
speckle  technique  is  capable  of  giving  the  variation  of  strain  over  the  entire  gage  length. 
Being  optical  the  response  is  instantaneous.  And  it  has  been  demonstrated  that  the  speckle 
is  not  influenced  by  high  temperature  and  high  heating  rate.  More  extensive  studies  along 
this  line  will  be  pursuit  by  both  Dr.  Chou  of  MTL  and  us. 

3.4  Development  of  LSS  (Laser  Speckle  Sensor)  and  Its  Applications  [2,  6,  12, 
13,  15,  18,  10,  22,  ^6,  24,  25,  29,  30,  31] 

LSS  (Laser  Speckle  Sensor)  is  a  completely  new  technique  that  is  developed  under 
this  project.  A  narrow  laser  beam  (instead  of  a  expanded  laser  beam  used  in  CASI) 
impinges  upon  a  specimen  surface.  The  scattering  laser  speckle  field  which  carries  the 
surface  texture  information  is  directly  digitized  using  a  CCD  camera.  When  the  specimen 
deforms  plastically  the  surface  roughness  changes  resulting  in  a  different  scattering  pattern. 
Various  image  processing  techniques  such  as  statistical  contrast  [6],  fractal  [15],  correlation 
[18],  spectrum  analysis  [24]  and  moment  [30]  have  been  used  to  analyze  the  pattern  and  to 
correlate  with  the  deformation,  A  light  scattering  theory  [12,  23]  is  developed  to  predict 
the  optical  field  and  the  surface  roughness  and  plastic  strain.  LSS  has  been  successfully 
applied  to  the  determination  of  plastic  strain  of  metals  under  various  loading  conditions  [2, 
18,  23,  24,  25]  and  the  mapping  of  plastic  zone  [13,  29].  In  the  process  we  also  investigated 
the  underlying  mechanism  that  gives  rise  to  surface  roughness  upon  plastic  deformation 
[31].  We  find  that  while  there  are  many  factors  contributing  to  the  formation  of  surface 
roughness,  the  vertical  RMS  roughness  is  largely  due  to  the  low  frequency  signal  resulting 
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from  grain  rotation.  The  horizontal  roughness  parameter  in  terms  of  correlation  length  is 
found  to  be  linearly  proportional  to  average  grain  size  and  becomes  saturated  at  certain 
plastic  deformation.  We  also  find  that  for  the  four  metals  (copper,  aluminum,  S.  steel 
and  h.r.  steel)  we  studied  the  process  of  surface  roughening  under  plastic  deformation 
is  isotropic  and  that  for  a  given  RMS  roughness  the  total  effective  strain  is  the  same 
irrespective  of  loading  path  provided  that  there  is  no  reve'?2  loading  [18,  25).  And  we  find 
that  LSS  can  be  successfully  employed  as  a  tool  to  assess  material  damage  [19,30]. 

We  discover  that  the  conventional  surface  roughness  measurement  using  mechanical 
profilometer  does  not  give  adequate  information  concerning  surface  texture.  We  find  that 
surfaces  produced  by  different  machining  processes  give  rise  to  distinctly  different  speckle 
patterns  while  their  RMS  roughnesses  as  measured  by  mechanical  profilometer  are  the 
same.  It  is  expected  that  further  research  along  this  direction  may  result  in  better  surface 
texture  characterization  standards  to  be  used  in  industry. 

Surface  roughness  produced  by  fatigue  is  fundamentally  different  form  that  due  to 
simple  plastic  deformation.  And  the  resulting  speckle  pattern  is  also  quite  different.  We 
have  found  that  we  can  use  the  statistical  contrast  value  of  the  scattered  speckle  patterns  [2] 
and  other  image  processing  parameters  to  assess  a  material’s  stage  of  fatigue  and  damage 
[2,  6,  19,  22,  30).  In  one  study  [2]  we  were  -ble  to  predict  the  initiation  of  fatigue  crack 
and  its  propagation  path  to  a  considerable  accuracy.  But  in-depth  study  awaits  to  be 
done  in  order  to  exploit  the  full  potential  of  LSS,  especially  its  application  to  the  study  of 
material  aging.  It  is  worth  emphasizing  that  LSS  is  a  non-contact  technique  that  can  probe 
a  surface  area  only  a  fraction  of  mm*  and  reveals  detailed  information  on  surface  texture 
unobtainable  by  conventional  means. 
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Abetraet  A  new  technique  for  fully  automatic  diffraction  fringe  measun 
ment  in  pointwite  analysis  of  speckle  photographs  is  prasanted.  Tha  fringe 
orientation  and  spacing  are  initially  astimatad  with  tha  help  of  a  1-D  fast 
Fourier  transform  IFFT).  A  2-0  convolution  filter  is  than  applied  to  enhance 
the  estimated  image.  A  fringe  pattern  with  high  signal-to-noise  ratio  is 
achieved,  which  makes  feasible  precise  determination  of  the  dispracament 
components.  The  halo  effect  is  also  optimally  eliminated  in  a  new  way  by 
a  halo-division  technique.  High  reliability  and  accurate  determination  of 
displacement  components  are  achieved  over  r.  wide  range  of  fringe  den¬ 
sities,  with  the  computation  tinte  comparing  favorably  with  those  for  the 
2-0  autocorrelation  method  and  the  iterative  2-0  FR  method. 

Sup^  terms.'  i^eckte  photography;  ditfrsetion  Mngt  pettem;  halo  aftaet;  faat 
Founartranahm;  afiatial  domain;  apaeuat  domain;  convolution;  Hanmng  window. 

Optical £nginaafing 29(1  H  l4l3-t420(Novombar  1990). 
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1.  INTR09UCTI0N 

Double-exposure  specklephotognphyisawell-cstablished  whole- 
Held  technique  for  messunng  in-plane  displacement  and  surface 
rotation.''^  In  its  basic  form,  die  object  to  be  studied  is  illu¬ 
minated  by  a  divergent  laser  beam  or  white  Uffat  beam  and  is 
imaged  by  a  camera  onto  film.  By  double  exposure,  with  the 
specimen  being  deformed  between  the  expostm,  two  ^kle 
pattens  ate  recorded  on  the  same  film.  In  the  analysis,  the 
in-plane  displacement  vector  of  any  point  on  the  object  surface 
can  be  determined  by  measuring  the  separation  of  the  two  speckle 
patterns  at  the  cotrespomtog  point  on  the  developed  Him.  This 
is  normally  done  by  probing  the  photograph  with  a  narrow  laser 
beam.  The  far-held  diffraction  patten  consists  of  speckled  co¬ 
sine-squared  fringes  similar  to  Young’s  fringes,  modulated  by 
a  diffiractioo  halo  (Fig.  I).  The  fringes  ate  perpendicular  to  the 
direction  of  the  dis|dacemeot  vector  4(m,v)  and  have  a  spacing 


Paper  2619  nctivad  fuly  23.  I9M.  revued  nwHUcnpi  raccivad  Apnl  10. 1990; 
accepted  for  pubiKauon  Apnl  26. 1990  Thit  paper  u  t  revitwn  of  paper  95443. 
prescMed  at  the  SPIE  confeivnct  OpucaJ  TeMinf  and  MeVDiogy  II.  June  21-30. 
I9SS.  Oeertont.  Mich  The  paper  pmcnied  there  appean  (unrefereed)  ui  SPtE 
Proceedin|s  Vol.  934 

0  1990  Society  of  Phoio-Opucal  laatnimeniauoo  Enguieen. 


5  that  is  inversely  ptoponionai  to  the  magnitude  of  the  displace¬ 
ment,  i.e.. 


where  X  is  the  wavelength  of  the  light  source,  t  is  the  effective 
distance  between  the  specklegraph  and  the  diffraction  plane,  and 
Af  is  the  magnification  of  the  recording  system.  The  displacement 
componenu  can  be  obtained  from 

a  ■  dcota  ,  v  •  dkina  .  (2) 


where  a  is  the  angle  between  the  displacement  vector  and  the 
x-axis.  Thus,  by  measuring  the  spacing  and  directioo  of  the  fringe 
pattern  on  a  square  mesh  covering  the  photograph,  one  cah  obtain 
the  complete  2-D  displacement  field. 

The  evaluation  of  these  parameters  by  eye  is  time  consuming 
and  relies  heavily  on  the  operator's  subjective  skills.  For  this 
reason,  several  automatic  fringe  analysis  systems  have  been  de- ' 
veloped  that  combine  an  opii^  system  with  digital  signal  pro¬ 
cessing.  The  main  difficulty  that  any  such  system  must  overcome 
is  the  noise  in  the  difftactioo  halo. 


There  are  two  basic  approaches  to  this  problem.  In  one. 
fringes  are  integrated  along  the  fringe  direebon,  thereby  reducing 
the  amount  of  datt  considerably,  from  a  2-D  pattern  to  a  l-D 
signal.^’  Recently,  the  trend  hat  been  coward  the  development 
of  image  processing  algorithms  capable  of  detecting  ai^  mea¬ 
suring  the  2-D  image.  Some  methods  achieve  good  noise  im¬ 
munity  and  accurate  detennioMion  of  displacement  compo- 
nentt.*'^  Others  apply  simple  algorithms  that  remarkably  reduce 
the  computiog  droe.^" 

In  this  paper,  we  describe  a  fully  automated  technique  in 
which  the  fringe  pattern  is  first  digitised  by  a  video  camera  and 
then  transmitted  into  a  VAX- It '730  computer.  Fring^spacing 
and  onentauoti  ate  initially  estimated  by  means  of  a  TOJast 
Fourier  transform  (FFT).  An  optimum  enhancement  filter  is  cho¬ 
sen  based  on  the  2-D  spectral  analysis  of  the  fringe  ^4Utem.  For 
each  fringe  pattero,  a  suitable  2-D  convoluuonal  Hanning  win- 
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dow  is  applied  according  to  the  initial  estimation.  A  high  signal* 
to*noise  ratio  (SNR)  fringe  pattern  is  achieved,  making  feasible 
a  high  accuracy  determination  of  fringe  spacing  along  two  or¬ 
thogonal  scanning  directions.  Furthermore,  because  of  the  vary¬ 
ing  irradiance  of  the  diffraction  halo,  fringe  shifting  has  a  sig- 
niflcant  effect  on  the  fhnge  spacing  ^termination  ,  therefore, 
we  introduce  a  divisional  halo-elimination  technique  before  en¬ 
hancement.  A  further  reduction  in  computing  time  is  achieved 
by  modulating  each  Hanning  window  into  an  integral  window. 
Ilie  performance  of  this  program  is  tested  on  a  rigid-body  ro¬ 
tation  of  a  disk  of  82  mm  diameter.  High  reliability  (1(X)% 
success  rase  down  to  fringe  visibilities  of  10%)  and  accurate 
determination  of  displacement  components  (0.04  lam  and  0. 12* 
in  standard  deviation)  are  achieved  over  a  wide  range  of  fringe 
densities  of  3  to  SO  per  frame  pattern.  The  computing  time 
compares  favorably  with  those  of  the  2-D  averaged  autocorre¬ 
lation  and  the  iterative  2-0  FFT  methods.*^'^  Average  processing 
time  for  each  fringe  pattern  is  about  25  s. 


2.  DESCRimON  OF  THE  SYSTEM  • 

The  system  is  shown  in  '-ig.  2.  The  specklegram  is  mounted  on 
a  2-D  motor-driven  stage  to  be  scanned  by  a  laser  beam.  The  I 
impinging  laser  has  a  spot  size  of  about  0.6  mm.  It  produces  a  I 
diffraction  pattern  of  Young's  fringes  modulated  by  a  halo  func¬ 
tion  on  the  viewing  screen.  The  fnnge  pattern  is  captured  by  a  _ 
TV  camera  with  a  frame  resolution  of  2S6x256  pixels.  The  I 
viewing  screen  is  a  rectangular  glass  plate,  with  the  undiffracted  H 
part  of  the  laser  beam  blocked  by  a  central  stop  on  the  screen. 
The  light  intensity  of  the  fringe  pattern  is  first  digitized  by  an^ 
analog-to-digital  converter  (ADC)  and  then  transmitted  into  aS 
VAX-H/730  computer  through  an  S-bit  I/O  pon.  Step  motorS 
controllers  are  operated  either  manually  or  artomatically  by  the 
given  program  through  another  I/O  port  of  the  computer.  ^ 

3.  DIFFRACTION  FRINGE  PATTERN  AND  RELATED  * 
SPECTRAL  ANALYSIS 

3.1.  DiffhKtIoa  Arinfe  pattern  I 

Ideally,  the  intensity  of  the  diffraction  fringe  pattern  has  the* 
form^ 


I  -I-  Vcoi 


where  r  -  (x.y)  is  the  positior.  vector  on  the  diffraction  scteen.|| 
■  d  *  (u.  v)  is  the  displacement  vector  on  the  specklegram,  X  is 
the  wavelength  of  the  light  source,  Z.  is  the  distance  b^een  the 
specklegram  plane  and  the  diffraction  plane,  Y  is  the  fringe 
visibility  of  the  diffraction  pxaem,  ai^  /o(z.y)  is  the  diffractiocH 
halo,  which  is  theoretically  given  by^  | 


Wx.y) 


•fe)  -  fe)  ['  -  te)‘]T  • 


where  r  0  is  the  diameter  of  the  recotjlii.'g  lens, 

and  q  is  the  recording  image  distance.  A  sectional  view  of  M 
diffir^on  Young's  Frirtfaiiattem  it  shown  in  Fig.  3,  where« 
the  unit  of  the  x-coordhtaie  H  the  discrete  pixel.  * 


Fig.  2.  Syetwn  letup. 
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ng.  3.  Saelional  viaw  oi  Mngt.  Rt-  *■  ^(**)>  ttM  1*0  FFT  of  ^(m}. 


ng.  4.  tpMmtm  ol  origitwl  fringt. 


is  the  determinition  of  the  fringe  spKtng  and  orienution.  which 
is  basically  a  2-D  scanning  process  over  the  enhanced  fnnge 
pattern. 

4.1.  Iiritial  estinutioa  of  fHnge  spftdng  aiid  oricnUtkNi 

An  FFT  algorithm  is  applied  to  the  two  1-D  signals,  obtained 
from  the  original  fringe  pattern  along  two  orthogonal  directions, 
the  x-axis  and  y-axis.  The  operations  ate  given  by 

F{k,)  -  .  **  "  . N  ,  (6) 

/■(*,)  -  ^  ”  ••2 . -V  .  (7) 


J.2.  SiMclral  Malyab 

A  discrete  spectrum  of  the  digitized  Young’s  fringe  pattern  is 
carried  out  fiom  the  following  discrete  Fourier  transform  by  use 
of  the  FFT  algorithm: 


F(k„k,)  -  2  2  /(m.")exp 


j7v{mk, 


+  a*>) 

N  ’ 


k„kf  ■  1.2 . N 


where  m  and  flare  discrete  coordinates  on  the  diffractkw  pattern, 
which  b  referred  to  as  the  spatial  domain,  and  Aj  and  A,  are 
discrete  coxdinates  on  the  transformed  pattern,  which  u  referred 
lo  at  the  rpectral  domain.  Figure  4  shows  the  spectrum  of  the 
difhactioR  fringe  pattern  of  Fig.  1.  It  is  seen  thiu  the  Young’s 
fringe  pattern  cairies  a  great  amount  of  high  frequency  noise, 
which  spreads  over  the  whole  spectral  donuun. 


4.  mOCEOmi.  OF  the  program 


where /(m)  and/(i»)  ate  one-dimcnsionel  signals  picked  up  from 
the  diffrKtion  pattern /(m.n)  along  uV  x-axis  and  y-axis  and 
F(kt)  and  F(k,)  are  1-D  spectra  of/(m)  and /(n).  respecuvely. 
It  is  seen  that  each  of  die  l-D  spectra,  for  instaiKe.  F(k,), 
consists  of  a  broadened  delta  function  at  kx  0  and  two  con¬ 
jugate  broadened  delta  functions  at  fringe  frequencies  k,  •  km 
and  Ax  >■  -A*,.  Because  of  the  undesirable  effect  of  the  broad¬ 
ened  zero-order  peak  on  the  signal  peak  detection,  especially 
for  fringe  patterns  with  lower  visibilities,  the  low  frequency  peak 
is  removed  by  subtracting  /o(m)  from/(m),  and/ofn)  from /(n). 
before  transformation,  whm  /o(m)  and  /o(r)  ate  i-D  signals 
extracted  from  the  2-D  diffractioo  halo  fun^on  /ofm.n),  which 
is  evaluated  by  smoothing  the  average  of  several  diffract^  halos 
on  different  points  of  a  singie-expoaure  photograph.  The  Fourier 
transfotm  of f{m)  -  (^m),  denoted  by/'fm),  is  shown  in  Fig. 
S.  From  the  detected  maximum  location',  on  the  spectra  of  the 
l-D  signals,  initial  values  of  fringe  orientarion  and  spacing  are 
obtain^.  Since  the  detected  maximum  locations  are  restricted 
by  the  pixel  lesoiutioo  of  the  digital  image,  the  fringe  spacing 
a^  orientatioo  thus  obtained  are  ttr-:  the  accurate  final  solutions. 
But  this  tough  estimation  provides  sufficient  informatioQ  about 


There  are  four  steps  in  the  processing  of  the  diffractioo  Young’s 
fringe  paoem.  First,  two  1-D  signals  along  two  orthogonal  di¬ 
rections  are  extricisd  from  the  2-D  Young’s  fringe  pattern,  and 
die  fringe  spacing  and  orientation  are  roughly  estirnated  based 
on  tlM  positions  of  the  spectra  of  those  l-D  signals.  Second, 

we  introduce  a  halo-division  technique  to  eliminate  the  fringe 
shifting  effect  resulting  from  the  halo  function.  In  the  third  step, 
the  fringe  enhancement  process  b  applied  by  convolving  s  proper 
Itanning  window  u.'  the  2-D  fringe  pattern.  The  wiixkiw  sIk 
snd  orientation  are  deurmined  by  tlk  fringe  spacing  and  ori- 
<^ntation  found  in  the  previous  step.  The  last  stage  of  the  program 


the  hinge  pattern  for  the  later  enhancement  process. 

In  practice,  two  addittooal  1-D  signals  along  two  other  or- 
thogo^  axes  ate  used  to  achieve  highly  reliable  estimation.  For 
example,  we  consider  the  fringe  pattern  in  Fig.  1.  The  maximum 
values  in  rise  conespooding  spectnim  F'(k,)  are  too  close  to  the 
center  of  the  spectrum  to  be  detected.  Therefore,  the  detected 
maximum  locations  along  the  ky  direction  are  not  reliable.  In 
this  case  the  peak  locations  in  spectrum  F'(k,)  are  determined 
by  measuring  the  maximum  locations  in  spectra  of  two  other 
l-D  signals  picked  out  along  axes  at  +  43*  and  -  45®  with  respect 
to  the  x-axis. 
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The  computation  for  Uie  above  initial  estimation  is  4Mo|2A/ 
multiplications  and  4Aaog:i/V  additions,  r^uihnf  about 
3  s.  For  later  use,  let  the  four  estimated  peak  position  values  of 
the  four  1<D  spectra  be  marked  in  a  decreasing  way,  i.e., 
^2»  k«j  and  knua. 


4.2.  Eahaaccfncst:  spntiai  coovohitkM  mthod 

It  is  evident  from  the  spectral  distributioa  (Fig.  4)  that  d<«  signal 
is  concentrated  near  the  region  of  ki»  ky^  +k»  and 
kt»-km,  ky  »  -ka,  whereas  the  noise  is  spread  over  the  whole 
spectral  domain.  Thus,  by  a^lyinij  a  2*D  rectangular  (vtptl 
f^tion  in  the  spectral  domain,  we  considerably  enhance  the 
SNR.  The  pupil  function  can  be  expressed  as 


tf(k,.  k,) 


|k.|  <  kTi  .  W  «  IT,  . 

cliewheie  , 


(8) 


where  kt  and  kz  os':  discrete  coordinaies  on  the  spatial  domain 
along  directioiis  of  initially  estimated  kmM  Md  k^,  and 

+  •n*«  .  ATj  -  k»,  +  t>k«  .  (9) 


where  kw  is  the  width  cf  the  scattered  deha  functioat  in  the 
qiectmi  doouin  (Fig.  4)  end  t)  is  a  ptoportiooal  constant  wboae 
theoretical  vtdue  is  0..^  and  is  dtoten  as  2.5  in  our  conservative 
window  design.  For  convenief«ce,  we  assume  that  the  k|  and  kj 
coordinates  are  along  the  k^  and  k^  a>.^,  respectively. 

As  we  know,  convolving  two  imiges  in  the  spatial  domain 
is  equivalent  to  multiplying  the  Fourier  transforms  of  the  two 
images  in  the  spectral  ckmudn;  i.e.,  if 

F(k,.  ky)  m  F{k„  k,)H{k,.  k,)  ,  k,.  k,  -  1.2.  ,N  ,  (10) 


tten 

m  sii 

f(m.n)*  5)  Z  f{m~p.  n-q)h{p.q)  . 


ym  -HI2  «•  -Ni2 


m,  H 


1.2 . ^  . 


I 

I 

I 


where  p  and  q  are  formal  integral  parameters  with  respect  to  m  _ 
and  n:  h(m,n)  and  H(k,,ky)  are  operation  functions  in  the  spatial  I 
domain  and  the  spectral  domain,  respectively;  F'ik,.  k,)  is  the  V 
resultant  spectrum:  and /(m.n)  is  the  resultant  image,  //(k,. 
ky),  F(kj,  ky),  and  f '(ki.  kj  are  spectra  of  h(p,q).f(m,n),  and  ^ 
fUxn),  respectively,  and  are  given  by  ■ 


(12) 


.  V  r  Jlftimk,  + 

F(k.,  k,)  -  - - -  • 

H(k.,k,)  r  2  ^  "*■•*]  . 

F'{k„k,)  -  y,  y/’(m.w)exp[  . 

Theoretically,  the  Fourier  transform  of  the  rectangular  pupil 
function  //(k|,  ki)  is  given  by 


I 
I 
I 
I 

where  A(m,  n)  ia  the  spechum  of  the  pupil  function  (see  Fig.  6) 
and  m  and  n  are  discrete  coordinates  in  the  spatial  domain  cor-^ 
responding  the  qjectnl  coordinates  ki  and  k:,  respectively.  ■ 
However,  from  the  figure  we  know  that  h(m,n)  is  a  tpviallyV 
widespread  funetkw,  which  makes  the  convolution  calcutadoo 
very  time  consuming.  Therefore,  we  introduce  the  foUowing m 
2>D  Hanning  window  (see  Fig.  7):  I 


Hm,K)  ■ 


tin(2w»iAiW)  ^l-wnKilN) 
ImKilN  2imJ(}/N 


(13) 


>w,.r 


r  c«^iwi/Ar,)cos^*(i/N,)  .  H  «!  N/2,  W  «  N/1 


eUewbere 


r*  • 

I 

(14)" 


where  Nt  >  NlKt  and  -  NiKt.  This  window  it  an  eatUyjB 
evaluated  and  tpa^ly  finite  finctios  since  NztadNyia  nudiB 
leas  than  \  when  high  fringe  density  patietm  ere  handled,  while 
Httwinitiiftd  N,  iod  Ny  are  also  obtained  whh  low  fringe  density 
paoemt  since  a  reaolutkM  coapreaaioa  technique  is  applied,  id 
shown  in  the  following  paragr^.  ■ 

In  the  software,  four  Hanning  windows,  crienied  ahxig  the 
x-  and  ynucia  and  at  4-45*  and  -45*  with  re^NKX  to  the  x-axit,^ 
are  printed.  The  oneatadoo  of  each  lelccted  window  drpendiB 
on  the  initial  etthnated  fringe  orieatadon.  For  each  frin|^  pat-V 
tem,  one  of  the  four  windows  lying  in  ifae  tame  orientad&i  aa 
the  erelier  u  Mlected.  In  dealing  with  differeaf|| 

fringe  dentidei,  rather  thin  changing  the  size  of  the  Haoniid 
windows,  a  resotubon  compression  txhnique  it  used  before  th^ 
enbaoconeot.  For  3  to  7  fringes  the  image  is  conqxesied  to  a 
lesohitiOG  of  64  x  64;  for  8  to  18  fringes,  it  it  cempressed  uM 
128  X  128;  and  for  more  than  19  fhnges,  it  remains  the  origina^ 
resolunoo  (256  x  256).  It  is  seen  that  fringe  patterns  containing 
a  density  of  up  to  50  fringes  can  be  processed  successfully 
because  a  higher  rescriutioo  is  selected  for  higher  fringe  densities  j| 
Fimhermore,  a  high  processing  sp^  is  achieved  since  tetfocecQ 
resolutions  are  select^  for  lower  density  fringe  jaaems.  which 
appear  in  most  cases.  » 
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In  practice,  however,  the  halo  is  not  added  but  modulated  with 
the  fringe  pattern.  Therefore,  the  subtractive  operation  cannot 
alleviate  the  h.%io  effect  completely,  although  some  improved 
results  has  been  achieved.  Others  have  used  a  minimum  position 
detection  technique  that,  achieves  perfect  elimination  of  the  tulo 
effect  when  fringe  visibility  approaches  unity.*  In  the  present 
program  a  halo  division  technique  is  applied  before  the  enhance- 
ment  process.  The  process  is  in  the  form 


/'(«t.n)  ■  C 


l(m,n) 


116) 


where  C  is  a  given  proper  constant.  After  the  enhancement  pro¬ 
cessing  on  /'(m.n),  the  final  fringe  pattern  is,  theoretically,  in 
•the  form 


In  practice,  since  an  addition  operation  is  about  eight  times 
IS  fast  as  a  multiplication  operation  in  a  minicomputer,  a  further 
reduction  in  computing  time  is  achieved  by  using  integral-mod¬ 
ulated  Hanning  windows.  These  integral  windows  make  it  pos¬ 
sible  for  the  convolutional  process  to  be  carried  out  by  addition 
operations.  Four  matrices  of  4  x  7  are  selected  as  the  practical 
Hinoing  windows.  One  of  these  integral  windows,  orient  along 
ibe  Jt-uis,  IS  as  follows; 


r(m.rt)  »  I  +  Vcoal 


117) 


M  2  2  2  I  I 
1233321 
1233321 
1  1  2  2  2  1  I 


(15) 


It  IS  seen  that  only  multipikatioos  and  49Af^  additions  (about 
20  s  for  an  image  of  size  128  x  128),  are  employed  in  the  pro¬ 
cess,  which  compares  favorably  wifo  the  2-0  auiocortelation 
method  (Af*  multiplicatioos)  cod  the  2-D  FFT  method  (A/^logjAf 
inultiplicatiotu  in  the  estimating  of  H{km,  iU)  tod  much  mote 
B  st^  of  the  Newtoo-Raphson  steepest  ascent  algorithm  in 
evsliating  H{kt,  ky)].  Vne  spectrum  of  the  processed  fringe 
l*&m  u  shown  in  Ftg  S,  and  a  sectional  view  of  the  processed 
pattern  is  shown  m  Fig.  9. 

ii.  the  halo  effect 

^  proposed  by  :-»cson  and  Kauftnann,*^  fringe  shifting  re- 
*‘™g  from  varying  irradiance  of  the  diffraction  halo  has  a 
u^ficar.,  effect  on  the  analysis  of  Young’s  fringe  patterns  For 
re«on.  a  halo  subtraction  techiuque,  as  us^  in  the  initial 
‘si'Tjaon  m  our  program,  has  been  used  by  many  authors.*  ’  * 


A  sectional  view  of  the  resulting  r(m,n)  is  shown  in  Fig.  10. 
Compared  to  Fig.  9,  it  is  in  an  almost  completely  halo-free  form 
regardless  of  the  fringe  visibility. 

4.4.  Detemfaulioa  of  friafc  spgciiig  and  oifoatatfoia 

Four  scanning  sections  with  different  orientations,  along  the 
jr-axis,  the  y-axis,  and  at  +45*  and  -45*  with  respect  to  tiw 
x-axis,  are  prepared.  Scanning  directions  are  selected  according 
to  the  initially  estimated  fringe  orientation.  For  each  image  two 
orthogonal  directions  parallel  to  the  directions  of  the  initially 
estimated  it«}  and  iU)  sre  employed. 

Since  gotxl  quality  fringe  put^  have  been  achieved  in  the 
process,  the  detection  of  the  fringe  peaks  beconses  quite  siir^ile. 
Once  an  intensity  is  found  to  be  higher  than  those  intensities  of 
the  L I  pixels  before  the  present  point  akmg  the  scanning  direction 
and  not  less  titan  those  of  the  Li  pixels  after  tiK  present  point, 
a  fringe  peak  is  detected.  Li  arid  Li  are  given  proper  constants. 
Figure  1 1  is  a  histogram  of  the  detected  ^ing  ah^  a  ditectioa 
of  +  45®  with  respect  to  the  x-axis  of  the  above  processed  fringe 
pattern.  It  is  seen  that  the  spacing  values  are  in  quite  good 
distribution,  concentrating  on  a  nirtow  range.  The  final  fringe 
spacing  along  this  direction  is  then  evalua^  by  the  weighted 
average  of  all  of  the  aeax-peak  spacing  valiKS,  High  accuracy 
IS  obtuned  because  rare  and  far-spttad  values  are  not  taken  mto 
account.  Another  fsetw  for  yicldmg  high  accuracy  spacing  along 
each  scatuung  direction  is  thw  a  large  number  of  discrete  spacing 
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vaJucs  are  obtained  before  averaging  (about  100  for  3  fringes, 
about  10(X)  for  10  fringes,  and  about  65(X)  discrete  values  for 
40  fringes  are  detected).  The  larger  the  fnnge  number,  the  larger 
the  number  of  discrete  spacing  values  achieved.  It  is  reasonable 
to  point  out  that  the  accuracy  of  measured  spacing  in  each  scan¬ 
ning  direction  will  increase  with  the  increase  of  fringe  number 
within  an  appropnate  range  of  fnnge  density.  It  should  also  be 
noted  that  the  accuracy  of  averaged  spacing  in  both  scanning 
directions  is  not  restricted  by  the  image  resolution  since  a  small 
increase  in  one  of  the  discrete  spacings  will  result  in  a  small 
decrease  m  the  adjacent  spacing,  and  the  average  result  will  not 
be  disturbed. 

Fringe  spacing  and  onentation  of  the  fringe  pattern  are  de¬ 
termined  by 


S.S, 


(18) 


9  - 


uctan 
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9aiy(  . 


(19) 


where  6  IS  the  angle  between  the  center  fringe  and  the  y-axis,  i 
and  j  stand  for  two  orthogonal  scanning  vectors,  and  0O(i,/)  is  a 
constant  depending  on  /  and  j  only.  The  orientation  of  the  dis¬ 
placement  vector  IS  perpendicular  to  the  fringes,  i.e., 

c  "■  9  ,  (20) 


where  a  is  the  angle  between  tlie  displacement  vector  d  and  the 
x-axis.  The  amplitude  of  the  displacement  vector  is  determined 
by 


where  W'  is  a  magnification  factor  that  is  the  resultant  factor  of 
both  the  specklegram  recording  magnification  and  the  digitiza¬ 
tion  magnification. 


5.  EXPERIMENTAL  RESULTS 

The  performance  of  the  described  program  was  tested  experi¬ 
mentally  by  use  of  speckle  negauves  having  a  distribution  of 
displacement.  Rather  than  attempting  to  photograph  a  model 
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I 
I 

I 
I 
I 
I 
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A  fully  automatic  technique  for  Young’s  fringe  processing  in 
spi'iikle  photography  is  developed.  Good  quality  fringe  patterns 
are  obtained  through  the  enhancement  process.  The  program  is  V 
written  in  FORTRAN.  The  performance  of  the  program  is  tested  | 
by  a  rotational  circular  plate.  Displacement  componenu  with 
high  accuracy  are  achieved.  The  system  is  composed  of  a  VAX-l  1/ 
730  computer,  a  Hammamatsu  CIOOO  video  camera,  and  a  2-D  ■ 
motor-driven  stage,  equipment  existing  in  our  facility.  The  pro-  ■ 
cess  consumes  i^out  16  s  in  dau  acquisition  and  25  s  in  data 
processing  for  each  fringe  pattern.  It  is  suggested  that  a  more  ^ 
compact  system  may  be  developed  using  a  personal  computer  I 
without  a^ing  any  difficulties.  Our  further  work  involves# 
achieving  such  a  system  by  using  an  IBM  PC-AT  and  a  Spectar 
Javelin  video  camera.  With  the  new  system,  higher  processing  w 
speed  may  be  achieved.  ■ 


strained  in  a  predetermined  way,  in  which  senous  errors  m 
displacement  values  might  be  inuoduced  if  unpredictable  ngi^ 
body  dispiccemenl  or  rotation  occurs,  the  experiment  w^  earned 
out  by  means  of  rigid  body  rotation. 

In  a  typical  test,  a  circular  plane  object  with  a  diameter  of 
82  mm  was  mounted  on  a  rotational  stage  with  the  object  surface 
normal  to  the  rotation  and  optical  axes.  The  object  was  illu. 
minated  by  a  laser  beam  with  K  =  0.632  fit”-  71k  double- 
exposure  speckle  photograph  was  recorded  on  a  10E75  plate 
through  an  objective.  230  mm  in  focal  length,  at  f/5.6  aperture 
with  a  magnification  of  about  1:1.  The  speckle  displacement 
therefore  varied  linearly  with  the  distance  from  the  center  of 
rotation.  The  displacemei.'t  was  evaluated  at  nine  points  along 
a  helical  track,  with  an  equal  separation  of  4.4  mm  in  radius 
and  22.5“  in  onenution  (Fig.  12).  The  given  roution  of  the  plate 
was  0. 100°,  with  displacement  varying  from  7  pim  to  70  jim. 
Comparison  between  theoretical  and  experimental  values  of  the 
displacement  magnitude  d  is  shown  in  Table  i.  and  the  fnnge 
onentation  6  is  shown  in  Table  II.  The  maximum  error  of  the 
measured  displacement  was  0.094  pim  in  magnitude  and  0. 192“ 
in  onentation.  The  maximum  relative  error  of  the  displacement 
amplitude  was  0.22%.  The  standard  deviation  of  the  measure¬ 
ment  was  0.04  jjim  in  magnitude  (about  0.13%  of  actual  dis¬ 
placement)  and  0.12“  in  orientation,  respectiveiy. 

6.  CONCLUSIONS 
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TAIU I.  Expanmanul  data  o(  dlaplacamant  ampMtuda. 


Point  Nnmbct  1 


IBBQl! 


d(am)(applic<l)  |  7.679  15.389 


(i(uin)(fneninicd)  j  7.69^  15.378  23.072  !  30.712  |  38.413  46.012 


-*-0.019 

-fO.034  1 

•0.006 

-*-0.015 

-0.065 

-*-0.12 

-*-0.15 

•0.03 

+0.04 

•0.14 

-0.17  1 

TABLE  H.  Exparimantal  data  of  frinia  oriantation. 


Poial  N«mb«i  1 


|0  (thMtclical)  0.000  22.500  45.000  67.500  90.000  112.500  |  135.000  157.500  190.000 


¥>  0.144  j  23.321  44.809  67.339  90.043  113.500  135.074  157.683  180.000 


•*■0.144  -0.179  -0.193  -0.161  -*-0.043  0.000  ■fO.074  -fO.183  0.000 


D:  82  mm 

Rh  4.41  mm  (l«1.2.  -.9) 


Rg.  12.  of  m*s»utwd  p^«ts  w  tfw*  and  ratetad  Wn®o  patttfta. 
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structural  failure  often  is  the  result  of  metal 
fatigue.  We  have  seen  in  recent  years  a  number  of 
airctaft  disasters  as  a  result  of  fatigue  failure. 
How  to  detect  and  measure  fatigue  damage  in  metallic 
materials  is  therefore  an  important  part  of  any  stru¬ 
cture  integrity  assurance  program.  It  is  customary  in 
the  field  to  do  inspections  visually.  While  this  app¬ 
roach  is  definitely  usefu] ,  it  nevertheless  is  very 
subjective  and  can  only  be  effective  when  the  damage 
is  substantial.  In  this  paper  we  explore  a  non-contact 
and  remote  sensing  technique  using  laser  speckles 
which  may  someday  be  developed  into  a  portable  auto¬ 
mated  system  for  field  inspection. 

Speckle  is  the  result  of  multiple  interference 
of  numerous  waves  crossing  one  another.  When  an  opti¬ 
cally  rough  surface  is  illuminated  by  a  coherent  ra¬ 
diation  such  as  that  from  a  laser  beam,  the  reflected 
wavelets  from  each  and  every  point  mutually  interfere 
to  form  an  pattern  of  random  fringes.  These  are  the 
speckles:  and  their  properties  are  related  to  the 
surface  roughness.  It  is  this  relationship  that  we 
are  Exploring  in  our  study. 

It  is  well  known  that  when  a  material  experien¬ 
ces  plastic  strain,  its  surface  roughness  changes. 
This  change  can  be  detected  by  the  spatial  spectrum 


I 

I 

I 

I 


variation  of  its  resulting  laser  speckle  pattern.  And 
since  plastic  strain  preceeds  fatigue  crack  initia¬ 
tion,  we  can  use  it  to  monitor  the  fatigue  process  as 
well . 

It  has  been  established  that  by  starting  with  a 
well  polished  specimen,  its  surface  roughness  increa¬ 
ses  (to  a  certain  satuated  level)  when  it  experiences 
increased  plastic  strain.  And  the  path  along  which 
the  plastic  strain  is  attained  is  immaterial  as  long 
as  the  total  effective  strain  is  the  same.  A  typical 
surface  roughness  and  plastic  strain  relationship  is 
shown  in  Fig.  1. 

When  one  illuminates  a  metal  surface  with  a  co¬ 
llimated  laser  beam,  the  reflected  wavelets  spread 
out  into  a  spectrum  depicting  the  spatial  freque’  cy 
content  of  the  surface  roughness.  It  can  be  shown 
that  the  variation  of  the  reflected  light  intensity 
may  be  expressed  as 
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along  all  other  directions.  In  the  above  two  equa¬ 
tions  <I>is  the  average  intensity,  V  the  direction 
of  diffracted  light,  (f  the  standard  deviation  of  the 
surface  height  function,  T  the  correlation  length  of 
the  surface  height  function,  and 

=  If  (1  +  cose)(rl2  ■  ,3) 

where  X  is  the  wavelength  of  the  incident  light  and 
B  the  incident  angle.  Typical  diffraction  patterns 
from  a  metal  surface  at  two  levels  of  plastic  strain 
are  shown  in  Figs.  2  and  3. 

It  is  seen  from  Eq.  (2)  both  the  standard  devi¬ 
ation  <5"  and  the  correlation  length  T  of  the  surface 
height  function  appear  in  the  equation.  Thus  it  is 
more  advantagous  to  use  this  part  of  the  deflected 
light  for  the  characterization  of  surface  roughness. 
This  fact  is  also  qualitatively  obvious  from  the  two 
diffraction  patterns  shown  in  Figs.  2  and  3. 

There  are  many  ways  that  one  may  choose  to  use 
for  extracting  information  from  such  a  diffraction 

pattern.  The  one  we  selected  is  a  scheme  used  in  the 
displine  of  pattern  recognition  for  extracting  texture 

of  an  image.  We  window  out  a  portion  of  the  higher 
spatial  frequency  domain  of  the  diffraction  spectrum, 
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digitize  it  into  gray  levels,  and  then  calculate  the 
statistical  contrast  value  of  the  pattern  using  the 
follov;ing  formula: 

coN  =  ^(i-jyp{i,j)  (4) 

where  P(i,j)  is  the  propability  density  function  of 
a  pair  of  gray  levels. 

We  use  the  CON  value  to  calibrate  measured  str¬ 
ains  of  an  aluminum  specimen  (IIOO-HIA)  in  tension. 
The  result  is  as  shown  in  Fig.  4.  We  find  that  the 
CON  value  increases  monotonically  with  respect  to 
total  strain  until  about  1.27o  and  plastic  strain 
until  about  0.97<,.  Beyond  these  points  the  CON  values 
start  to  decrease  with  increased  strain.  From  Fig.  1 
we  k  w  that  the  surface  roughness  is  still  increa¬ 
sing  at  this  level  of  deformation.  Apparently  the 
CON  value  is  no  longer  sufficient  to  characterize  it. 
However  we  shall  demonstrate  in  the  following  that 
the  CON  value  nevertheless  is  quite  effective  in  pre¬ 
dicting  the  onset  of  fatigue  crack  initiation  and 
propagation . 

We  applied  the  CON  method  to  monitoring  plastic 
strains  at  nine  points  surrounding  the  tip  region  of 
a  saw-cut  notch  in  an  aluminum  specimen  under  cyclic 
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bending  stress.  The  geometry  of  the  specimen  and  con¬ 
figuration  of  the  points  are  as  shown  in  Figs.  5  and 
6,  respectively.  ■ 

The  specimen  was  mounted  in  a  fatigue  machine 
capable  of  rendering  cyclic  bending  load.  At  prede¬ 
termined  cycles  the  machine  was  stopped  and  a  laser 
been  was  used  to  illuminate  the  nine  selected  points 
sequentially.  The  resulting  diffraction  spectrum  was 
received  on  a  ground  glass  and  a  window  of  its  high 
frequency  region  was  digitized.  CON  value  was  then 
calculated  for  each  of  these  digitized  images.  And 
the  result  was  plotted  as  shown  in  Fig.  7. 

It  is  interesting  to  note  that  along  points  2, 

5  and  8,  which  was  the  eventual  crack  propagation 
path,  the  CON  value  increased  drastically  at  certain 
cycles  of  loading.  On  the  other  hand,  it  stayed  almost 
stationary  at  all  other  points,  which  were  merely 
0.06  inch  away  from  the  path  of  eventual  crack  pro¬ 
pagation.  This  experiment  was  performed  on  an  alumi¬ 
num  specimen  with  an  initial  surface  roughness  of 
o .  7  ^m , 

At  the  conference  we  shall  also  present  results 
from  specimens  made  of  metal  matrix  composites. 
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Optimal  Sampling  Resolution  and  Range  of  Measurement  in  Digital 
Speckle  Correlation;  Part  I.  Laser  Speckle  Method 

D.J.Chen  and  F.P.Chiang 

Digital  speckle  correlation  (or  referred  to  as  digital  image  correlation  method)  is  an  ideal  tech¬ 
nique  in  surface  deformation  measurement  in  its  basic  form,  two  digital  speckle  patterns  of 

the  object  under  study  are  taken  by  a  video  camera  before  and  after  the  deformation  of  the  object. 
By  means  of  digital  correlation  between  subsets  chosen  from  the  two  images,  both  displacement 
components  and  deformation  components  in  each  loctvl  region  can  be  deduced 

However,  unlike  the  normal  speckle  photography  in  which  the  resolution  of  the  recording  film 
is  generally  abundant,  the  digital  resolution  of  a  video  camera  is  limited.  Therefore,  there  is  a 
trade-off  between  reliability  and  the  capability  of  measurement.  In  this  paper  we  e,xplore  the  opti¬ 
mal  sampling  resolution  of  the  laser  speckle  pattern  upon  which  the  speckle  intensity  is  sufficiently 
registered  and  meanwhile  the  maximum  measurement  capability  of  the  equipment  is  employed. 
The  employed  system  in  data  acquisition  and  image  processing  is  shown  in  Fig.l.  It  consists  of  a 
TV  camera,  an  A/D  converter,  a  camera  controller  and  a  computer.  The  object  is  illuminated  by  a 
collimated  coherent  light  beam  and  observed  using  a  video  camera  with  flexible  frame  resolutions  of 
256  X  256,  512  x  512  or  1024  x  1024  pixels.  The  light  intensity  of  the  speckle  pattern  is  digitized  by 
the  analog-lo-digital  converter  (ADC)  and  llien  transfered  into  the  \’AX- 1  l/T-TO  compuler  through 
an  8-bit  I/O  port  with  discrete  intensity  of  256  levels.  Tiie  comi)uter  controls  the  data  acquisition 
system,  stores  the  digitized  image  data,  performs  the  correlation  calculations,  and  interfaces  with 
the  graphic  peripherals  for  a  display  of  results. 

A  statistical  analysis  of  the  subjective  tpe*  LI-  p.iit-  ru  performed  with  emphasis  on  spectral 
investigation.  Intensity  of  one  typical  sulrjective  speckle  is  shown  in  Fig. 2,  in  which  D,,  the  diameter 
of  the  subjective  speckle  is  determined  by 

D,  =  2.UA-7/Di,  (1) 

where  A  is  the  wavelength  of  the  illuminating  laser  light,  Di  is  the  aperture  diameter  of  the  recording 
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lens  and  q  is  the  imaging  distance  of  the  optica!  system.  Results  show  that  the  spectra!  distribution 
of  the  speckle  pattern,  which  dc.iiinatcs  the  requirement  of  the  sampling  re.=!olution,  is  also  mainly 
determined  by  the  lens  aperture  and  the  imaging  distance  of  the  recording  optical  system  (Fig.3). 
A  theoretical  optimal  sampling  interval  of 

5  =Xql{2D,) 

=  Z?,/4.88, 

is  obtained  using  the  Shannon  sampling  theorem  I**.  Furthermore,  since  a  bilinear  interpolation  is 
generally  used  in  practice  to  achieve  subpixel  resolution  for  accurate  determination  of  deformation 
components,  an  optimal  sampling  resolution  for  bilinear  interpolation  is  carried  out  based  on  spec¬ 
tral  distortion  analysis.  Capabilities  such  as  accuracy  and  ma.ximum  measurable  area  are  obtained. 
A  method  of  increasing  the  upper-limit  of  measurement  is  also  given  by  changing  the  recording 
arrangement  of  the  optical  system. 

In  the  experimental  verification  of  the  optimal  sampling  resolution,  a  rigid  body  translation, 
which  involves  less  decorrelation  than  all  kinds  of  deformations,  is  tested  using  normalized-Product 
(NProd)  method  1*1  An  area  of  8.5  x  8.5mm*  is  recorded  by  a  micro-lens  of  /  =  90"’"’  at  magnifica¬ 
tion  Af  ss  1  and  F|  =  22.  The  typical  speckle  size  is  D,  -  67.94//m.  The  subjective  speckle  patterns 
are  digitized  by  frame  resolutions  of  1024  x  1024,  512  x  512,  25G  x  25C  and  128  x  128  elements 
with  real  pixel  distances  of  5  =  0.125D,,  5  =  0.25D,,  i*  =  0.50D,  and  5  =  l.OOD,,  respectively. 
The  dimension  of  the  selected  subimage  from  the  undeformed  image  is  15  x  15  elements  and  the 
dimension  the  selected  searching  regfon  on  the  deformed  image  is  C5  x  G5  elements.  Sectional  views 
of  interpolated  speckle  patterns  from  the  above  four  di/Tercnt  sampling  resolutions  arc  shown  in 
Fig.4a-d.  It  is  seen  that  as  the  sampling  resolution  decreases,  higher  signal  frequency  components 
arc  gradually  lost  and  less  intensity  contrast  is  preserved.  Hut  ns  long  as  5  =  0.25/},,  tnost  of  the 
speckle  frequency  components  and  most  of  the  covariance  of  the  speckle  pattern  are  registered. 

A  mean-elimination  process  is  first  applied  on  both  deformed  and  undeformed  images  before 
bilinear  interpolation  and  correlation  processes.  Th®  •■(I''*  •  of  this  process  on  correlation  evalu¬ 
ation  is  shown  in  Fig. 5,  where  Fig.)n  present'-  i|iv  •  "ri'l.tlii'n  of  two  images  without  applying 
mean-elimination  and  Fig. 5b  presents  the  correlation  of  the  same  images  when  mean-elimincition  is 

applied.  It  is  shown  that  in  Fig. 5b  a  zero-mean  background  is  obtained  and  a  much  higher  contrast 
is  achieved  between  the  matching  position  and  the  nonmatching  positions. 

The  effect  of  different  sa'iipliii^  ri'<:otiitif>n  on  eorrel.il ion  e\. dilation  is  shown  in  I'in.ti.i  i  wln  o- 
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correlations  between  tliedeformed  and  the  reference  speckle  patterns  interpolated  from  dilTercut 
sampling  resolutions  with  pixel  distances  of  5  =  0.125Z?,,  S  =  0.2bD,  and  S  =  0.50D,  are  pet- 
forniod.  It  is  seen  that  the  in  sampling  resolution  results  in  two  oH'oets  in  tl»c  NProd 

correlation.  One  is  the  flattening  of  the  matching  hill  which  reduces  the  accuracy  of  measurement, 
another  is  the  increase  of  the  maximum  value  in  the  background  which  reduces  the  reliability  of 
measurement.  But  as  long  as  S  =  0.25Z?,,  the  maximum  value  in  the  background  of  the  Nprod 
results  is  less  than  0.5,  which  is  much  smaller  than  the  matching  value  of  0.95.  Therefore,  reliable 
determination  of  deformation  .components  can  still  be  obtained.  Thus,  we  choose  our  practical 
optimal  sampling  interval  as 
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~  Q.GXq/ Di. 

It  is  seen  that  the  digitcl  laser  speckle  correction  method  is  capable  of  achieving  accurate  results 
in  deformation  measurement  ait  hough  it  generally  reejuires  a  line  sampling  resolntioti.  It  istherefuro 
a  suitable  method  for  measuring  small  deformations  within  a  small  area.  Our  further  study  shows 
that  in  the  applications  of  large  deformation  and  large  area  measurement  a  white  light  speckle 
method  is  recommended  ^*1. 
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Fig.l  Schematic  diagram  of  data  acquisition  and  image  processing  system 
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Fi|.2  Iiiteiuity  distribution  of  •  typicnl  subjective  speckle 


Fig.3  Spectrum  of «  subjective  speckle  psttecii 
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Fig.4  Bilinear  interpolated  speckle  patterns  from  diiferent  sampling  resolutions 

(sectional  view) 
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PIk-S*  CorrflKtion  withotit  applying  mrMi-«limination 


i  i:  !S  30  *0  50  to  -0  10  X  :::  ti:  :::  i: 

Fig.Sb  Correlation  when  mran-elimination  is  applird 


Fig.S  Effect  of  ineati-eliiuiuation  on  correlation  evaluation 
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Fig  0  Correlations  between  ilefornicd  anil  unilefonned  speckle  patterns  from 
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optimal  Sampling  Resolution  and  Range  of  Measurement  in  Digital  Speckle 
Correlation:  Part  II.  White  Light  Speckle  Method 

D.J.Cher.  and  F.P.Chiang 


In  the  previous  paper  we  investigated  the  optimal  sampling  resolution  in  the  digital  speckle 
correlation  technique  while  a  laser  speckle  method  is  used.  Because  of  the  tiny  speckle  size,  the 
laser  speckle  correlation  is  not  capable  of  solving  problems  related  to  either  large  deformation  or 
large  area  measurement.  In  this  paper  we  investigate  the  optimal  sampling  resolution  of  the  digital 
speckle  correlation  while  a  white  light  speckle  method  is  employed  and  explore  the  resulted  range 
of  measurement. 

The  employed  system  in  data  acquisition  and  image  processing  is  shown  in  Fig.l.  It  consists  of  a 
TV  camera,  an  A/D  converter,  a  camera  controller  and  a  computer.  The  object  is  illuminated  l>y  a 
collimated  coherent  light  beam  and  observed  using  a  siideo  camera  with  flexible  frame  resolutions  of 
256  X  256,  512  x  512  or  1024  x  1024  pixels.  The  light  intensity  of  the  speckle  pattern  is  digitized  by 
the  analog-to-digital  converter  (ADC)  and  then  transfered  into  the  VAX-11/730  computer  through 
an  8-bit  I/O  port  with  discrete  intensity  of  256  levels.  The  computer  controls  the  data  acquisition 
system,  stores  the  digitized  image  data,  performs  the  correlation  calculations,  and  inlorfaccs  with 
the  graphic  peripherals  for  a  display  of  results. 


Although  they  arc  very  similar  to  ea<  h  other,  the  white  light  si)et.kle  ami  the  laser  .speckle  are  dif¬ 
ferent  in  the  following  aspects:  (1)  The  formation  of  the  subjective  laser  speckle  obeys  the  principle 
of  coherent  image  formation  while  that  of  the  white  light  speckle  o))eys  the  principle  of  mcoliercnt 
image  formation.  (2)  The  smallest  speckle  size  and  the  range  of  spectral  distribution  of  the  laser 
speckle  pattern  are  determined  by  the  lens  aperture  and  imaging  distance  of  the  recording  system 
whereas  in  the  white  light  speckle  method  they  are  determined  by  the  smallest  size  of  the  aitificial 
speckles,  e.g.  the  spherical  bead  particles  in  the  retror‘"n'’''li\p  paint,  and  the  magnification  factor 
of  the  optical  system.  (3)  Since  the  artificial  s|><  ■  Kl*  -i.'c'  c.m  he  made  ns  large  as  required,  whit.; 
light  speckle  method  has  its  advantage  o\er  laser  speckle  method  in  large  delormalion  and  large 
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area  measurement. 


In  this  study  the  surface  treatment  of  the  object  is  basically  the  same  as  that  used  by  C!hiang 
and  Asundit^l.  The  object  is  first  coated  with  white  paint  and  then  with  rctrorcfleclivc  licjuid. 
When  the  painted  surface  is  illuminated  by  a  white  light  beam,  the  light  will  be  refiected  back  by 
the  beads  in  the  retroreflective  paint  along  the  direction  approximately  same  as  the  illuminating 
direction.  Thus  the  beads  behave  like  indi  ;ridual  point  sources  resulting  in  a  random  speckle  pattern. 
A  statistical  analysis  of  the  speckle  pattern  is  performed  with  emphasis  on  spectral  investigation. 
Results  show  that  the  range  of  spectral  distribution  of  the  white  light  speckle,  which  dominates 
the  sampling  resolution  requirement,  is  mainly  determined  by  the  smallest  size  of  the  spherical 
beads  in  the  retroreflective  paint  and  the  magnification  factor  of  the  optical  system.  An  idealized 
model  of  the  light  distribution  of  one  while-light  speckle  is  employed  (Fig. 2),  thereby  a  spatial 
finite  approximation  is  obtained  in  the  spectral  domain  of  the  speckle  pattern  (Fig. 3).  A  theoretical 
lower-limit  of  sampling,  resolution  and  a  theoretical  reconstruction  function  (Fig. 4)  are  obtained 
using  the  Shannon  sampling  theorem  The  theoretical  optimal  sampling  interval  is  obtained  as 


5  =D,/4M 

=  MDol4M, 


(1) 


where  M  is  the  magnification  of  the  optical  system,  D,  is  the  smallest  speckle  diameter  on  the  image 
plane  and  Do  is  the  smallest  size  of  the  spherical  bead  particles.  Since  a  bilinear  interpolation  is 
generally  used  in  practice  to  achieved  subpixel  resolution  for  accurate  determination  of  deformalibn 
components  an  optimal  sampling  resolution  for  bilinear  interpolation  is  carried  out  through 
spectral  distortion  analysis  (Fig. 5).  Upper-limits  of  accuracy  and  maximum  measurable  area  are 
obtained.  Methods  of  increasing  the  upper-limit  are  also  given  by  changing  the  typical  size  of 
the  spherical  bead  particles  in  the  retroreflective  paint  and  the  magnification  factor  of  the  optical 
system.  Experimental  data  from  practical  speckle  patterns  using  normalized-Product(NProd)l’l 
method  is  given  to  verify  the  results.  A  practical  optimal  sampling  interval  of  while-light  speckle 
pattern  is  obtained  as 


5  =Z),/4 

=  iMDo/4. 


(2) 


It  is  seen  that  a  much  sparser  sampling  resolution  is  generally  required  for  a  white  light  speckh; 
pattern,  and  the  correlation  is  therefore  capable  for  measurement  of  larger  deformation  and  larger 
area  compared  with  the  laser  speckle  method^''.  The  r'*';u!fs  are  consistent  with  the  experience  of 
Chu  et  al  whereby  more  reliable  results  are  m  hlrx <  ■!  bv  | Iu‘  white  light  spei  klc  method  tli.m  the 
laser  speckle  method. 
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Fig.l  Schematic  diagram  of  data  ac(iujsition  and  image  processing  system 
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XilIrMi 

The  spece  curves  are  highly  descriptive  fealufes  for 
3'D  objecta.  Invariant  representation!  for  space  curve  are 
discussed  in  this  paper.  We  introduce  a  complex  waveform 
representation  for  space  curves.  The  waveform  is 
parametrised  by  are  length*  We  also  propose  an  invariant 
repraenlation  of  space  curves  using  the  3-D  moment 
invariants  of  their  breakpoints.  Space  curve  matching 
using  invariant  global  features  is  discussed.  An  alif^ithm 
for  matching  partially  occluded  3-D  curves  Is  also 
presented,  in  which  an  assoelaikn  graph  la  constructed 
from  local  matchings.  The  maximal  clique  of  the  graph 
will  determine  the  longel  portion  of  the  model  curve  in 
the  scene. 

1.  Introduction  ^ 

The  space  curve  (3-D  curve)  are  useful  feature  for 
object  rrcognitlon.  since  they  .111;  rich  in  information  and 
c.in  be  e.-vsily  stored  und  manipulated.  Space  curve  appe.ir 
in  various  computer  repreentation  of  3-D  objccta.  The 
boundary  contours  of  objects  or  smooth  regions  in  the 
range  data  are  space  curve.  On  the  other  hand,  the  spine 
axe  of  the  generalised  cylinders  which  repreents 
elongated  objets  are  also  space  curve  |l,10|.  The  curve 
are  distinct  from  other  geometric  entitle  in  that  they 
have  an  invariant  and  intrinsic  parametrisation  by  their 
own  are  length.  Volume  and  surfae  do  not  have  such  a 
natural  parametrisation.  This  parametrisation  of  space 
curve  provide  a  natural  ordering  of  points  on  the  curve, 
and  a  natural  correpondene  mapping  between  two 
curve.  Therefore,  in  curve  matching  problem,  no  more 
computation  b  required  to  Sod  the  point  correpondence 
than  that  to  determine  the  relative  offset  betwen  two 
curve. 

in  th'is  paper,  we  propose  an  invariant  waveform 
repreentation  of  the  3-D  space  curve.  The  waveform  b 
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repreented  by  a  complex  function.  The  magnitude  of  the 
waveform  is  the  nonoegative  curvature  function  of  the 
space  curve  and  the  phase  of  (he  waveform  depends  on 
the  torsion  of  the  space  curve.  The  waveform  vanishe 
wherever  the  curvature  vanishes.  The  phase  of  a  complex 
function  is  allowed  to  be  undefined  at  a  point,  where  the 
function  vanbbes  at  that  point.  This  invariant  waveform 
is  unambiguously  defined  for  any  (smoothed)  curvt  that 
appears  in  the  computer  vision  problems,  and  contains  the 
complete  3-D  information  of  the  curve.  The  curves  can  be 
decomposed  into  smooth  segments  by  detecting. Ihi  piax- 
imum  curvature  points  called  breakpoints.  The  feature 
vector  of  3-D  moment  invariants  of  the  breakpoints  is 
another  invariant  repraentatiou  of  the  curve.  The 
observed  curves  and  the  model  curves  in  the  library  arc 
represented  as  vectors  of  Invariant  global  features.  Each 
data  curve  can  be  identified  with  a  model  curve  by  using 
the  statistical  pattern  classification  techniques.  This  recog¬ 
nition  scheme  is  much  faster  than  those  using  the  tem¬ 
plate  matching  techniques  We  will  show  th.at  the 

offset  p.irametcr  can  be  quickly  delcrtniiieJ  by  iimtcliiiiK 
tlieir  wavefcriiis.  The  offset  parameter  determiua  the 
point  correspondence  mapping  between  the  data  curve 
and  model  curve.  The  relative  orientation  and  translation 
between  these  two  curves  can  then  be  computed  by  the 
algorithm  discussed  In  Section  3. 

When  the  curves  in  the  scene  are  partially  occluded, 
their  global  feature  can  not  be  used  for  pattern 
classification.  We  propose  a  template/structural  curve 
matching  algorithm  for  recognising  the  partially  occluded 
space  curves.  More  detailed  dbeussion  of  thb  approach  b 
given  in  SKtion  4. 

2.  Invariant  Representation  of  Space  Curves 

A  regular  space  curve  segment  is  a  vector-value  func¬ 
tion  s;  [«,  i|  -•  R*.  The  derivatives  of  s  exist  and  are  con¬ 
tinuous  up  through  order  k  (k>i)  for  all  <  in  |«,  t|.  A  reg¬ 
ular  space  curve  segment  can  always  be  reparametrized  by 
the  arc  length  parameter.  A  cur^e  parametrized  by  its  arc 
length  is  called  a  unit  speed  curve,  in  this  paper,  we  shall 
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as^iim«!  lhal  all  spacf  curvefi  ar^  unit  speed  curves.  The 
curvature  function  «(<)  of  a  unit  speed  curve  is  the  magni- 

tude  of  the  vector  tLelil  along  the  curve,  and 
*(»)  =  v/lr  ■)'+(/■  )*+(*')’.  The  principal  normal  vector  held 
Af(j)  is  delined  by  the  direction  of  ~  .at  each  point  on 
the  curve  The  binormal  vector  field  is  defined  as  |6| 

g(,)^  ■  '  (1) 

The  torsion  function  is  defined  by 

.  (2) 

The  triple  forms  a  local  orthonormal  system  at 

each  point  of  the  space  curve.  The  normal  vector,  binor* 
mal  vector  and  torsion  can  be  unambiguously  defined  only 
at  those  points  where  the  curvatures  do  not  vanish.  A 
straight  line  in  3>D  space  has  a  vanishing  curvature  func* 
tion,  so  its  torsion  function  can  nut  be  defined.  The  evolu¬ 
tion  of  along  the  curve  is  governed  by  the 

Frenet-Serret  e<)ualion. 

(f  |.).yV'{0.5'(*)r -A  (3) 


where  A  is  the  following  3x3  matrix 
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Any  regular  curve  of  C’  with  e>0  is  completely 
determined,  up  to  position  and  orientation,  by  its  curva¬ 
ture  and  torsion.  In  computer  vision  problem,  the  data  of 
a  space  curve  are  available  in  the  form  of  a  list  of  3-0 
points  which  are  the  sampled  and  digitised  values  of  a 
piecewisely  smooth  space  curve  equations.  We  smooth  the 
curve  by  passing  it  through  a  Gaussian  filter  of  suitable 
bandwidth,  so  that  the  smoothed  version  of  the  curve  has 
suITicicnt  differentiability,  but  still  preserves  the  shape 
characteristics  of  the  curve.  In  the  following,  we  shall  dis¬ 
cuss  two  rcpraentations  for  curves  using  the  differential 
geometric  descriptors  of  their  smoothed  versions. 


Complex  Wnveform  Repretenhilion 

We  represent  space  curve  as  a  complex  waveform 
whose  magnitude  is  the  nonnegative  curvature  function 
and  whose  phase  depends  on  its  torsion  function.  The 
complex  function  can  be  defined  at  every  point  on  the 
curve,  even  at  those  points  whose  curvatures  vanish.  The 
complex  function  for  a  (smoothed)  space  curve  is  defined 
as 

/(i)  m  .  (5) 


and  /(j)*-0,  whenever  a(4)j.o.  \|i)  in  (5)  is  called  heli- 
city,  which  is  defined  at  every  point  where  iil<)>0,  by 


M<) 


all) 


(6) 


Breakpoint  Representation 

The  breakpoints  may  correspond  to  local  curvature 
maxima  or  points  where  the  tangent  vectors  are  discon¬ 
tinuous.  The  tangent  vector  disc'intinuities  are  significant, 
because  tlicy  are  the  control  points  for  spline  reconstruc¬ 
tion  of  the  curve.  Tlie  significant  changes  in  curvature  of 
the  smoothed  curves  are  analyzed  over  a  range  of  spatial 
scales.  Curvature  maxima  found  at  multiple  scales  can  be 
located  at  the  finest  scale.  The  ordered  list  of  the  break¬ 
points  is  an  elegant  representation  of  the  space  curve. 

3.  Matching  and  Recognition  of  Space  Curves 

In  this  section,  we  shall  preent  algorithms  for  space 
curve  matching  using  invariant  global  features  extracted 
from  the  complex  waveforms  or  the  lists  of  breakpoints. 
The  curves  can  be  reliably  identified  by  the  feature  vec¬ 
tors  when  occlusion  does  not  occur.  The  are  lengths  of  the 

curva  depeud  to  some  extent  on  the  orientations  of  the 
curve,  because  difiierent  amount  of  digitising  noise  are 
introduced  into  the  curve  at  different  orientations.  There¬ 
fore,  the  total  length  of  the  curve  is  a  random  variable 
and  should  be  considered  as  one  of  the  components  in  the 
global  feature  vector.  Once  a  data  curve  has  been 
identified  with  a  model  curve,  tbe  relative  alignment  and 
Euclidean  transformation  between  the  data  curvr an8  the 
corresponding  model  curve  will  be  determined  by  a  pro¬ 
cedure  described  later  in  this  section.  In  tbe  following,  we 
shall  discuss  the  globtl  feature  extraction  for  closed  con¬ 
tours,  open  3-D  curves,  and  tbe  lisu  of  breakpoints. 

3.1.  Global  Feature  Extraction 

3.1.1.  Fourier  Deeerlptor 

The  boundary  contours  of  objects  or  smooth  regions 
in  llie  r.iuge  data  are  closed  curves.  The  invariant 
waveforms  of  closed  contours  are  periodic  functions  of  the 
arc  length  parameter.  They  can  hu  expanded  into  Fourier 
series.  The  data  points  on  tbu  boundary  contours  are  usu¬ 
ally  extracted  by  contour  following  algorithms.  Different 
starting  points  for  contour  tracing  may  be  selected  from 
tbe  boundary.  The  magnitudes  of  the  Fourier  coefficienls 
are  not  affected  by  tbe  choice  of  tbe  starting  point.  There¬ 
fore,  they  can  be  chosen  as  the  global  features.  We  have 
found  in  our  experimental  study  that,  using  five  to  eight 
Fourier  features,  it  is  possible  to  reliably  classify  various 
contours  in  tbe  range  data. 


3.1.3.  Legendre  Function  Expansion 

Open  space  curve  segments  often  appear  in  the  com¬ 
puter  vision  problems.  Edges  in  the  range  data  may  not 
form  closed  curves.  Moreover,  the  spine  axes  of  the  gen¬ 
eralized  cylinder  representation  of  3-D  data  are  generally 
open  curves.  Global  shape  featurrs  of  the  open  curves  can 
be  e.xlraclc<l  from  the  orthogonal  function  c.xDan3ion.  Tlie  • 
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iiiv.iriatif  waveform  of  an  open  space  curve  can  be 
expressed  as  the  following  series 

I 

(') 


/(*)•=!: 

ImO 
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wlicre  are  the  Legendre  functions  which  are  ortliog- 

onal  over  l-i,  1).  In  (7),  we  have  expressed  the  argument  of 
the  Legendre  function,  in  terms*  of  tlie  arc  length. 

so  that  these  functions  are  orthogonal  over  the 
interval  (0,  L\.  The  complex  coeflleients  are  defined  by 
the  integrals 


(8) 


The  feature  vector  for  an  open  space  curve  can  be  con¬ 
structed  from  the  real  and  imaginary  parts  of  these 
coefiicients. 


3.1.3.  3-1)  Moment  Invariants  of  Breakpoints 

The  representation  of  space  curve  by  an  ordered  list 
of  breakpoints  is  not  invariant  under  3-D  translation  and 
rotation.  However,  the  curves  can  be  invariantly 
represented  by  scalar  functions  derived  from  the  3-D 
moments  of  the  breakpoints.  General  and  efllcient  con¬ 
struction  ruin  of  the  3-D  moment  invariants  are 
presented  in  (7|.  Explicit  expressions  of  invariant  functions 
which  contain  the  second  order  and  the  third  order 
moments  ar;  given  in  |7|.  Experimentai  study  in  |7)  have 
shown  that  the  moment  invariant  featura  have  high 
discriminative  power  for  noisy  data. 


i«M|||fied  with  a  prototype,  if 
ill  feature  vector  falls  in  the'H^o 


The  data  curve  will  be 

^on  of  that  prototype  in 
the  feature  space.  We  found  in  the  experiments  that  the 
minimum  distance  ciassifier  can  be  used  for  space  curve 
classiHcatioii. 


3.3.  Coordinate  Transform  Estimation 

in  tbn  3-0  space,  the  input  data  curve  segments  can 
be  related  to  the  corresponding  model  curves  by  an 
Euclidean  transformation  which  will  minimise  the  ‘integral 


(9) 


where  y(i)  and  f{i+u)  the  drta  and  the  corresponding 
model  curve  segments,  respectively,  R  is  the  rotation 
matrix,  ?  is  the  translation  vector,  and  $,  Is  the  oSset 
parameter.  After  some  algebraic  manipulation,  the 
integral  can  be  expressed  u 

I  i 

R  1  -  / 1  ?(« hu  I  ’A  +  / 1  F(*  +«,)  I  ’«<• 


(10) 


where  ?,  is  the  average  of  f(i)  over  [0,  L|.  The  cross  corre¬ 
lation  matrix  is  defined  to  be 

i 

E.,(*o)  =/(?{* ■  (II) 

0 

The  rot.ation  matrix  that  maximizes  the  tr.xce  term  in 
(10),  will  minimize  the  integral  A.  The  trace  term  will 
attain  its  maximum  value  rr(A(<,)),  where  A(«,)  is  tlie 
singular  value  matrix  of  E„(*ii)  in  the  following  decompo¬ 
sition 

En(*.)  -  £'(*,|A(..)»'(r,)'‘ ,  (12) 

when 

(13) 

Once  /l(i«)  b  determined,  the  translation  vector  •(<«)  can 
be  calculated  as 

t  t 

f(.,)  -  R  -  {l/4)/F(i+r,)Si  .  (U) 

•  • 

The  offset  parameter  'is  the  value  of  i|  that  will  minimize 
the  following  quantity 

z  z 

A.,.(i.)  -  / 1  r(i  >-y,  1  ■»•  / 1  ?(.  +.,)  1 

*  • 

*'  * 

The  offset  parameter  will  determine  the  relative  align- 
.j..ment,  orientation  and  position  of  the  data  and  model 
curves. 

The  integrals  in  (15)  will  be  evaluated  at  every  sam¬ 
pled  value  of  Each  element  in  the  cross  correlation 
matrix  can  be  c.xiculated  by  FFT  transforms.  When  the 
number  of  sample  points,  Af,  iu  the  discrete  approxima¬ 
tion  of  (IS)  is  2SS  or  JU,  the  total  matrix  operation  for 
the  whole  sequence  <^(«t)i  •%  0|1<*>  •  •  •  .W-l  has  more  or 

less  the  same  number  of  computation  as  that  for  tiie 
evaluation  of  the  cross  correlation  matrix.  By  introducing 
the  complex  waveform  matching,  the  above  searching  for 
$,  can  be  greatly  speeded  up.  If  the  model  curve  segment 
which  starts  at  F(««)  cods  at  F(£+i|)  is  the  Euclidean 
transform  image  of  the  data  curve  y(i),  then  the  invariant 
shape  wavefornu  of  the  two  curves  will  be  exactly  the 
same.  The  offset  parameter  «•  which  miniinizes  (9)  is  one 
of  the  zeroes  of  the  functions  i>l(<i)  or  i>2(«i)  defined  by 


1 

• 

(16) 

z 

(17) 

where  /,(•)  and  /j(«)  invariant  shape  waveforms  of  *(») 
and  r(*li  repectively.  A(«,)  is  evaluated  at  each  zero  of 
Ol(i,)  or  D:(i»)  and  the  offset  parameter  i,  is  the  one  that 
ptcdicls  the  smallest  value  of  nti,).  Therefore,  we  se.xrrti 


for  «,  in  the  neighborhood  of  every  pronounced  local 
minima  of  Dt(»o)  or  D2{tt).  The  rotation  matrices  ralcii-  l 
lated  from  the  cross  correlation  matrix  of  mismatched 
curves  are  generally  improper  orthogonal  matrices  (2|.  Dy 
checking  the  determinants  of  rotation  matrices  at  various 
local  minima,  we  shall  be  able  'to  elTiciently  reduce  the 
search  space  of  the  oSset  parameter. 

If  the  data  are  not  very  noisy  and  the  breakpoints  on 
the  curve  can  be  reliably  extracted,  the  rotation  transfor¬ 
mation  between  the  data  and  model  curves  can  be  more 
efficiently  determined  from  the  relative  orientation  of  the 
principal  axes  of  their  breakpoint  sets  |7|t9). 

4.  Matching  Partially  Occluded  Curves 

When  one  object  is  occluded  by  another  object,  the 
boundary  curve  of  the  occluded  object  contains  boun¬ 
daries  from  both  objects.  The  global  features  of  the  boun¬ 
dary  curves  can  not  be  used  for  classification.  We  may 
have  to  divide  the  boundary  curve  into  segments,  and 
match  each  segment  to  the  curves  of  the  model  objects.  In 
general,  the  scene  may  contain  many  discontinuous  pieces 
of  various  model  curves.  We  shall  determine  the  largest 
portion  of  each  model  curve  existing  in  the  scene  and  its 
position  and  orientation  relative  to  its  standard  position. 
Our  approach  is  to  decompose  i>.  given  data  curve  into  a 
set  of  curve  segments  {  *,(»)'s  }.  Each  *,(<)  is  used  as  a 
template  and  matched  to  various  portions  of  each  model 
curve  r/(«)  whose  length  is  not  shorter  than  that  of 
The  list  of  breakpoints  will  guide  the  decomposition  of 
data  curve  into  templates.  The  intersection  of  boundaries 
of  'two  objects  will  generally  be  a  breakpoint.  Therefore, 
templates  can  be  the  curve  segments  between  breakpoints. 
The  measure  of  the  mismatch  Is  the  expression  given  in 
(0),  or  it.s  equivalent  in  (15).  Appropriate  subscripts  must 
he  introduced  to  those  equ.xtions,  because  each  piece,  x,(i), 
on  the  data  curve  will  match  to  every  model  curve  »,(i)  in 
the  library.  Ambiguitia  often  occur  when  a  template  can 
locally  match  to  several  model  curva,  or  to  various  por¬ 
tions  of  a  model  curve.  Thae  ambiguitla  can  be  raolved 
when  the  structural  inforroatroo  Is  taken  into  account. 
Moreover,  the  longat  segment  of  a  model  curve  in  the 
scene  can  be  determined,  when  the  maximal  set  of  mutu¬ 
ally  compatible  matcha  to  that  model  curve  is  found. 
The  Euclidean  transformations  of  that  matcha  calcu¬ 
lated  from  (13)  and  (14)  decide  their  structural  compatl- 
bilitia.  To  find  the  maximal  set  of  mutually  compatible 
matcha,  an  association  graph  is  constructed  as  follows. 
The  node  of  the  aasociatioo  graph  is  the  pair  of  the 
matched  curve  segment!  (!<(*),  where  i,(i)  is  a 

template  and  l>  a  segment  of  the  /(A  model 

curve  with  end  points  at  )r,(i«)  and  )r,(<t>^).  Two  noda 
are  connected  by  an  edge,  if  the  two  templata  in  them 
match  to  the  same  model  curve,  and  the  relative 
Euclidean  transformation  parametera  of  thae  two 
matcha  are  identical.  The  maximal  cliqua  in  the  associ.a- 
tion  gr.H)li  are  determined.  R.ach  •  liiiue  is  .associated  with 
only  one  model  curve.  The  part  of  tlie  inodol  curve  which 


appears  in  the  scene  is  the  union  of  all  the  templata  in  its 
clique.  Furthermore,  if  the  observable  part  of  one  model 
curve  is  entirely  contained  in  the  observable  part  of 
another  model  curve,  we  assert  that  only  the  latter 
appears  in  the  scene. 

The  maximal  cliqua  can  be  found  by  recursive  pro- 
cedura  (3, -41.  They  have  worst  case  complexity  of 
exponential  time.  The  templa* e/structural  curve  matching 
algorithm  may  require  large  amount  of  compulation.  The 
computation  can  be  reduced  if  wo  divide  each  data  curva 
into  small  number  of  long  curve  segments,  and  the 
attempted  match  is  performed  by  matching  invariant 
shape  waveforms  of  ths  corraponding  curve  segments.  We 
use  long  curva  in  waveform  matching,  because  they  can 
have  significant  shape'  characteristia.  The  waveform 
matching  will  efficiently  find  the  corraponding  curve  seg¬ 
ment  on  the  model  curve,  and  their  relative  offset  parame¬ 
ter.  The  association  graphs  generally  contain  relatively 
small  number  of  noda,  and  the  cliqua  can  be  quickly 
found  by  the  recursive  procedure.  More  details  of  this 
algorithm  are  given  in  the  paper  |8|. 

5.  Experimental  Reaulta 

In  the  following,  we  praert  the  experimental  study 
and  computer  simulation  raults  of  our  curve  matching 
algorithm.  We  first  tat  our  algorithm  using  curva  which 
can  be  dacribed  by  parametric  equations.  In  the  first 
experiment,  the  selected  closed  curva  can  be  dacrlbed  by 
»|»)-f,#m(#(<))»«#(4(0)t  r(0"^*»'•l*(0)"■»W<))  Aod 

,(«)•, ,«»(#(»)),  where  l(0-»»‘*.  4(0-*»‘  ‘O'!  <><  i  <u 
Curva  A  and  B  are  generated  by  the  equations  using 
parameters  r*  m  jo,  rf  «•  JO,  tf  —50.  and  rf  30, 
r»  -t  40,  r/  -50,  rapecllvel/.  The  curva  are  rotated  to 
3tS  different  orientations.  At  each  orientation,  they  are 
uniformly  sampled,  and  the  Fourier  featura  of  the  invari¬ 
ant  waveforms  of  thae  curva  are  computed.  The  statist¬ 
ical  parameters  of  thee  Fourier  featura  are  shown  in 
table  1.  These  feature  are  essentially  invariant  under 
rotation  and  translation.  Synthetic  curva  are  also  gen¬ 
erated  by  Hermit  spline.  The  tangents  of  the  curva  are 
made  to  be  discontinuous  at  certain  points.  The  locations 
of  thae  breakpoints  can  be  determined  by  tracking  the 
curvature  maxima  from  the  coarse  to  fine  scale.  The 
transformation  atimation  using  corrapoodiog  feature 
point  sets  hu  been  studied,  both  theoretically  and  experi¬ 
mentally,  using  noisy  and  noite  fra  data.  The  raults  are 
given  in  (7j. 

We  then  tat  our  algorithm  using  curva  determined 
by  the  depth  ducontinuity  in  the  range  image  .  The  syn¬ 
thetic  range  image  in  Fig.la  is  generated  by  graphia  tech¬ 
nique.  The  range  image  in  Fig.lb  is  obtained  by  laser 
range  finder.  The  objecta  in  thae  imaga  are  segmented 
from  the  background.  Their  external  boundaria  are 
extracted  by  contour  following  procedure  using  chain  cod¬ 
ing,  .end  are  stored  in  one  dimensional  arr.iys.  We  rol.xte 
(ind  tr.-uulate  the  objects  such  that  the  same  views  me 
pruerved.  The  Fourier  featura  nre  extracted  from  the 
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boundaries  of  the  objects  in  each  position.  The  means  and 
variances  of  the  features  are  estimated  .'imJ  shown  in  table 
2.  The  Gaussian  classiRers  were  constructed  iising  tlic^e 
statistical  parameters.  VVe  found  that  the  clnssifters  c.ni 
.always  un.smbiguously  distinguish  the  lioniidary  <;iirve.s. 
The  synthetic  image  in  Fig. la’  is  moved  to  a  new  position 
as  shown  in  Fig.2a.  Because  of  aliasing  .  the  boundary 
contours  of  these  t'wo  imiges  look  jagged.  They  contain 
different  number  of  pixels  and  their  lengths  are  not  the 
same.  The  point  correspondence  and  motion  parameters 
are  calculated  using  the  algorithm  given  in  section  3.  The 
boundary  contour  of  the  image  in  Fig.2a  are  transforuied 
and  overlapped  on  the  boundary  of  the  image  in  Fig. la. 
The  results  are  shown  in  Fig.2b.  T.he  image  in  Fig.lb  is 
rotated  to  a  different  orientation,  and  l.S%  edge  points  are 
deleted  from  its  boundary  bv  occulsion.  as  shown  in 
Fig.3a.  This  partially  obscure  contour  is  matched  to  the 
boundary  of  the  image  in  Fig.lb  following  the  procedure 
given  in  section  4.  The  result  is  shown  in  Fig.3b.  More 
experimental  rnults  can  be  found  in  |8|. 

8.  Conclusions 

This  p.iper  presents  invariant  representations  and 
matching  algorithms  for  space  curves.  The  waveform 
representation  allows  us  to  manipulate  the  segmentation 
and  recognition  of  3>D  curves  similarly  to  those  of  i*D 
waveformr.  The  latter  are  simplified  and  have  been  very 
well  studied.  An  algorithm  using  invariant  global  features 
for  matching  the  nonoecluded  <1>D  curves  has  been  dis* 
cussed,  lliis  approach  is  fast  and  robust.  A 
template/structural  algorithm  is  used  to  recognize  par¬ 
tially  occluded  curves.  These  curve  matching  techniques 
can  be  used  to  recognize  objects  from  their  3-0  curves. 
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ABSTRACT 

When  a  laser  beam  illuminates  an  optically  rough  surface,  the  reflected 
wavelets  mutually  interfere  to  form  a  pattern  of  random  dots  called  speck¬ 
les  which  carry  the  surface  roughness  information.  And  when  a  specimen  is 
strained  plastically,  its  surface  roughness  changes  as  a  result.  Thus,  by  illumi¬ 
nating  a  deformed  specimen  with  a  smoothly  polished  surface  and  monitoring 
the  reflected  speckle  pattern  via  a  pattern  recognition  technique,  the  state 
of  plastic  deformation  can  be  accertained.  An  example  of  this  technique’s 
application  to  detecting  the  initiation  and  propagation  of  a  fatigue  crack  is 
presented. 
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Laser  Speckle  and  Surface  Roughness 
Laser  speckle  [1]  is  a  result  of  multiple  interference  of  numerous  coherent 
waves  coming  from  different  direction.  This  condition  is  created  when  one 
illuminates  an  optically  rough  surface,  i.e.  the  surface  roughness  is  large 
compared  to  the  wavelength  of  light  which  is  of  the  order  of  0.5  /tm.  Thus 
even  with  collimated  illumination  the  surface  will  act  as  an  array  of  point 
sources  creating  spherical  wavelets  from  each  and  every  point  of  the  sur¬ 
face.  The  resulting  interference  pattern  is  in  the  form  of  random  bright  and 
dark  dots  as  shown  in  Fig.  1.  Obviously  the  speckle  pattern  carry  the  sur¬ 
face  roughness  information.  In  general,  it  may  be  stated  that  the  smoother 
the  surface,  the  larger  the  speckles.  As  the  surface  roughness  increases,  the 
speckle  size  decreases  and  its  contrast  increases  until  a  saturation  point  is 
reached.  It  may  be  shown  that  when  a  collimivted  laser  beam  of  wavelength 
A  illuminates  an  optically  rough  surface  the  reflected  light  intensity  <!>  is 
distributed  as  follows 
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where  V  is  the  modulus  of  the  directional  vectorV  of  the  reflected  light. 
V=0  represents  the  direction  of  mirror  reflection.  <t  and  T  are  the  standard 
deviation  and  correlation  length  of  the  surface  roughness,  respectively,  and 
p  is  a  nondimensional  roughness  parameter. 

It  is  seen  from  the  above  equation  that  the  intensity  variation  along  the 
difl'raction  direction  (i.e.  1^=0)  contains  the  information  on  both  the  stan¬ 
dard  deviation  and  correlation  length  of  the  surface  roughness.  As  shall  be 
seen  in  the  following  that  it  is  this  part  of  the  reflected  light  that  a  scheme  is 
developed  to  extract  information  which  is  correlated  with  surface  roughness. 

Experimental  Arrangement  and  Data  Analysis 
The  arrangement  of  the  optical  and  computational  system  is  as  shown  in  Fig. 
2.  A  probing  laser  beam  illuminates  the  specimen  surface  which  is  polished 
to  almost  mirror  like  along  one  direction.  The  reflected  light  distribution 
is  in  the  form  as  shown  in  Fig.  3,  together  with  a  trace  of  the  cross  sec¬ 
tional  intensity  distribution.  A  narrow  filtering  mask  is  used  to  block  out 
the  central  portion  of  the  diffraction  spectrum  and  the  rest  (or  a  portion  of) 
is  received  by  a  digital  TV  camera.  From  which  we  select  a  two  dimensional 
portion  of  the  light  spatial  frequency  signals  for  digitization  and  subsequent 
data  extraction.  The  scheme  adopted  is  a  texture  disciimination  technique 
[2]  used  in  the  field  of  statistical  pattern  recognition.  Namely,  we  calculate 
a  statistical  contrast  measure  CON  defined  as  follows. 
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CON  =  ■£((- if  P(i.i)  (3) 

where  P[iyj)  is  the  probability  density  of  a  pair  of  gray  levels  occurring  at 
two  points  separated  by  a  certain  distance.  This  information  is  then  corre¬ 
lated  with  the  surface  roughness  resulting  from  plastic  deformation.  Fig.4 
shows  the  calibration  curve  between  the  CON  value  and  the  plastic  strain 
and  total  strain  (i.e.  plastic  and  elastic  strain)  of  an  1100-H14  aluminum 
tension  specimen.  The  total  strain  was  measured  with  a  strain  gage  at  the 
back  of  the  specimen  while  it  was  under  load  and  the  plastic  strain  was  the 
strain  when  the  load  was  removed.  It  is  seen  that  a  one-to-one  (and  fairly 
linear)  relationship  is  maintained  between  CON  value  and  plastic  strain  up 
to  about  9,000/re. 

Application  to  Fatigue  Crack  Initiation  and  Propagation 
We  applied  the  technique  to  monitoring  fatigue  crack  initiation  and  propaga¬ 
tion  in  a  specimen  with  saw  cut  notches  under  cyclic  bending.  The  geometry 
of  the  specimen  is  as  shown  in  Fig.  5.  The  square  insert  is  the  region  that 
was  monitored  by  the  scheme.  After  each  pre-determined  cycle  of  fatigue 
loading  is  finished,  the  load  was  released  and  a  laser  beam  was  used  to  probe 
sequentially  the  nine  points  indicated  in  the  figure.  The  reflected  speckle  pat¬ 
tern  was  digitized  and  processed  to  yield  the  CON  values.  The  results  are 
plotted  as  shown  in  Fig  6.  It  is  shown  that  along  lines  connecting  points  1,4 
&  7  and  points  3,6,&  9,  the  CON  value  remains  largely  unchanged  through 
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the  testing.  On  the  other  hand  along  the  crack  line  connecting  points  2,5  & 
8,  the  CON  value  has  a  drastic  change  after  a  certain  fatigue  cycle.  At  point 
■2  which  is  closest  to  the  notch  tip,  the  CON  value  suddenly  increases  after 
15,000  fatigue  cycles.  This  signals  that  fatigue  generated  plastic  strain  at 
the  notch  tip  has  roughened  the  polished  specimen  surface.  At  point  5  &  8 
the  CON  values  remain  essentially  unchanged.  At  this  stage  no  crack  could 
be  seen  with  the  naked  eye.  Indeed,  crack  initiation  was  not  apparent  until 
after  30,000  fatigue  cycles.  This,  of  course,  does  not  mean  that  microcracks 
did  not  exist.  At  point  5  the  CON  value  has  a  sudden  increase  after  about 
21,000  fatigue  cycles  and  at  point  8  it  is  after  24,000  fatigue  cycles.  The 
CON  values  continue  to  increase  at  all  three  points  until  after  about  30,000 
fatigue  cycles.  Eventually  it  was  along  this  line  that  the  crack  propagated. 
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Fig.l  A  typical  laser  speckle  pattern. 


Fig. 2  Experimental  arrangement. 


CQII  value 


Fig. 3  Laser  speckle  spectrum  from  a  polished  aluminum  surface 


Fig. 4  Correlation  between  CON  and  strain. 
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In  this  paper,  the  applicability  of  laser  speckle  interferometry  for  studying  the  transient 
vibrations  of  mechanical  structures  is  demonstrated.  The  displacement  of  the  free  end  due 
to  the  transverse  vibrations  following  a  transverse  impact  at  the  tip  of  a  cantilever  beam 
is  computed  theoretically  and  compared  with  that  obtained  by  the  experimental  method. 

The  two  results  are  found  to  be  in  close  agreement. 

1.  INTRODUCTION 

There  are  three  essential  requirements  of  a  good  measurement  technique.  First,  it  should 
be  capable  of  measuring  to  the  desired  accuracy  in  comparison  to  other  available 
techniques  for  the  same  application.  Second,  besides  being  sufficiently  accurate,  it  should 
also  be  precise,  so  that  when  repeatedly  applied  to  make  the  same  measurement  the 
results  turn  out  close  enough  to  be  acceptable.  Third,  the  application  of  the  technique 
itself  should  not  affect  or  alter  the  attribute  or  quantity  to  be  measured.  Here,  we  have 
demonstrated  the  capability  of  double  exposure  speckle  interferometry  as  a  non-contact, 
remote  sensing,  accurate  and  precise  tahnique  to  study  transient  vibration  of  mechanical 
structures. 

For  the  purpose,  we  selected  a  simple  problem  with  a  well  defined  solution.  We  used 
the  cantilever  beam  as  a  vehicle  to  demonstrate  the  capabilities  of  double  exposure  speckle 
interferometry  since  the  theory  of  the  vibration  of  a  cantilever  beam  is  well  established 
[1].  The  experimental  results  were  found  to  be  in  close  agreement  with  those  predicted 
by  theory. 


2.  EXPERIMENTAL  METHOD 

Burch  and  Tokarski  [2]  were  the  first  investigators  to  observe  and  formulate  the  basic 
principles  of  laser  speckle  interferometry.  This  technique  was  first  extended  to  the 
measurement  of  displacement  by  Burch  et  al  in  1970  and  1972  [3, 4].  Since  then  a  variety 
of  methods  based  on  the  same  basic  principle  have  been  developed.  Chiang  [5]  has 
presented  a  unified  approach  to  ail  of  these  techniques  treating  speckle  displacement  as 
a  general  phenomenon. 

Khetan  and  Chiang  [6]  have  derived  the  governing  mathematical  relationships  for  one 
beam  laser  speckle  interferometry. 

2.1.  MEASUREMENT  OF  IN-PLANE  DISPLACEMENT  BY  DOUBLE  EXPOSURE 
SPECKLE  INTERFEROMETRY 

Double  exposure  speckle  photography  can  be  applied  to  the  measurement  of  displace¬ 
ment  in  the  plane  normal  to  the  line  of  sight  by  recording  with  a  camera  two  superimposed 
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images  of  the  surface,  one  before  and  one  after  the  surface  has  moved.  The  surface  is 
illuminated  by  coherent  light  from  a  laser.  The  speckle  pattern  thus  generated  is  recorded 
on  the  film.  To  facilitate  the  formation  of  a  good  speckle  field,  the  surface  is  sprayed 
sparingly  with  flat  white  paint,  giving  it  a  white  and  dark  granular  appearance.  A  slow 
film  such  as  Ag/alOE75  is  used  because  it  has  a  small  grain  size,  which  is  essential  to 
capture  the  fine  speckle  field  and  also  to  differentiate  its  movement  between  the  two 
exposures.  Because  the  film  grain  is  fine,  a  large  exposure  time  or  high-intensity  illumina¬ 
tion  is  required.  For  studying  displacements  following  static  loading  one  can  conveniently 
apply  a  low-power  laser  and  expose  the  film  for  a  long  time.  With  a  5  mW  He-Ne  laser 
a  three  minute  exposure  is  not  uncommon.  Obviously,  within  this  time  the  whole  set-up 
should  not  move  beyond  the  least  detectable  limit.  Hence,  for  such  experiments,  vibration- 
isolated  tables  are  an  essential  requirement.  On  the  other  hand,  for  capturing  instants 
while  studying  dynamic  displacement,  a  pulsed  laser  emitting  in  the  optical  region  finds 
application.  Usually  a  pulsed  ruby  laser  is  very  befitting  for  such  applications  because  it 
emits  pulses  which  are  20  to  30  nanoseconds  long  and  emission  is  in  the  red  region  of 
the  optical  spectrum,  which  is  also  the  region  in  which  AgfalOElS  is  sensitive.  If  the 
movement  of  the  image  between  two  exposures  is  larger  than  the  diameter  of  the  speckles 
and,  furthermore,  if  the  speckles  remain  correlated  with  one  another,  the  double  exposure 
specklegram,  when  illuminated  by  a  narrow  laser  beam,  will  scatter  it  into  a  diffraction 
halo,  the  intensity  of  which  will  vary  periodically  across  the  field  yielding  cosine  square 
fringes.  These  fringes  will  have  an  angular  spacing  a  which  is  related  to  the  wavelength 
A  of  the  readout  beam,  m  the  demagnification  factor  of  the  image  and  the  surface 
displacement  D  by  the  following  relation  [5,6]: 

sin  a  =  Am/D.  (1) 

The  direction  of  the  fringes  will  be  orthogonal  to  the  direction  of  the  displacement. 

The  camera  is  placed  as  normal  to  the  surface  as  possible  to  eliminate  the  effects  of 
the  relatively  negligible  out-of-plane  displacements.  The  selection  of  the  distance  at  which 
the  camera  should  be  placed  from  the  surface  whose  displacement  has  to  be  determined 
depends  upon  the  range  of  displacement  to  be  captured  which,  in  turn,  also  limits  the 
magnitude  of  the  smallest  detectable  displacement.  To  state  it  simply,  higher  demag¬ 
nification  results  in  a  larger  range  of  measurable  displacement  biit  poorer  sensitivity.  The 
speckle  diameter  on  the  object  (1)  is  [5, 6]: 

I  =  \-2mkF.  (2) 

Surface  displacements  of  magnitude  greater  than  this  are  therefore  measurable.  The 
maximum  detectable  displacement  is  limited  by  the  ability  to  resolve  or  count  the  fringes 
in  the  halo.  More  than  20  fringes  pose  a  problem  unless  the  fringe  quality  is  excellent. 

2.2.  EXPERIMENTAL  SET-UP  AND  PROCEDURE 

Since  we  were  interested  in  determining  the  displacement  of  the  tip  of  the  cantilever 
beam  at  successive  instants  of  time  from  the  initial  instant  of  impact  by  double  exposure 
speckle  interferometry',  we  used  a  pulsed  ruby  laser  (A  =  0-69  nm)  to  illuminate  the 
cantilever  beam  tip. 

The  optical  arrangement  in  Figure  1  shows  the  location  of  the  camera  with  respect  to 
the  cantilever  beam.  Its  focal  length,/,  is  55mm  and  it  uses  a  4 in x 5 in  film.  For  our 
experiments  we  have  used  the  Ag/al0E75  film.  The  aperture  of  the  camera  is  set  at  //4-7 
(or  F  =  4'7).  The  laser  beam  from  the  pulsed  ruby  laser,  expanded  by  using  a  concave 
lens,  illuminates  the  area  around  the  beam  tip  with  intensity  sufficient  to  expose  the  film 
within  its  pulse  width  time  of  30  ns.  In  our  case  the  maximum  displacements  were  of  the 
order  of  200  pm.  In  our  set-up  a  demagnification  of  around  4  74  was  obtained  and  hence 
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Figure  1.  Schematic  of  the  optical  arrangement  (plan  view). 

using  equation  (2)  we  obtained  a  sensitivity  of  about  18‘5  )i.m  as  the  smallest  detectable 
displacement.  The  specklegrams  were  read  by  the  point>wise  technique  at  the  tip  of  the 
cantilever  beam  by  using  a  He-Ne  laser.  The  far  held  diffraction  pattern  was  observed 
at  a  distance  /  =  0'79m  from  the  specklegram.  The  halo  within  a  diameter  d»0-19Sm 
was  observed  and  n,  the  number  of  bright  fringes,  was  counted.  The  angular  spacing  of 
the  fringes  was  estimated  by  using  the  equation 

sina  =  d/n/.  (3) 

Then,  by  using  equation  (1),  the  object  displacement  per  fringe  was  found. 

Figure  2  shows  the  various  components  of  the  experimental  set-up.  The  first  exposure 
was  taken  before  the  impact  and  the  second  exposure  was  taken  after  a  certain  predeter¬ 
mined  delay  after  the  impact,  which  was  increased  from  0-1  ms  to  20  ms  successively  in 
steps  of  0‘1  ms  for  each  double  exposure  specklegram. 


Boti 


Figure  2.  The  experimental  set-up. 
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(0) 


(b)  (c) 


Figure  Young's  fringes  a(  the  lip  of  cantilever  beam  at  ditiereni  instants  after  impact  (pointwise  filtering), 
(a)  At  10'76  ms;  lb)  at  4‘99  ms,  (c)  at  J'95  ms. 

The  signal  from  the  strain  gages  following  the  impact  was  found  to  be  identical  for  all 
the  200  repetitions  of  the  process.  This  confirms  the  repeatability  of  the  experiment,  which 
is  an  essential  requirement  and  assumption  in  applying  this  technique  to  construct  the 
displacement  w.  time  curve,  point-by-point.  Typical  fringes  obtained  after  point-wise- 
readout  at  the  tip  of  the  cantilever  beam  at  different  instants  of  time  after  impact  are 
shown  in  Figure  3. 


3.  THEORETICAL  MODEL 

In  jr  model,  we  shall  neglect  the  internal  damping  offered  by  the  material.  We  shall 
consider  the  external  damping  due  to  air.  Since  we  are  studying  the  free  transverse 
vibration  following  the  impact,  we  shall  assign  a  simple  form  to  the  impact  force. 

3.1.  STATEMENT  OF  THE  PROBLEM 

The  cantilever  beam  is  straight  with  a  uniform  rectangular  cross-section  of  width  b  and 
height  h  and  is  of  length  /. 

The  y-  and  z-axes  are  assumed  to  be  the  principal  axes  of  the  cross-section.  The  free 
end  of  the  beam  is  located  at  .x  =0  and  the  fixed  end  is  welded  at  .x  =  /  to  a  metal  base, 
as  depicted  in  Figure  4.  The  welded  end  is  treated  as  an  elastic  clamping  boundary 
condition. 

External  damping  is  assumed  to  be  proportional  to  the  velocity  of  the  beam  at  any 
given  section,  and  the  constant  of  proportionality  is  C;. 

Initially,  the  beam  is  assumed  to  be  at  rest  and  the  ball  is  assumed  to  strike  the  beam 
normally  at  the  tip  in  the  positive  y-direction  at  a  velocity  Vq. 
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Figure  4.  Location  of  the  co-ordinate  system. 


The  problem  is  to  find  the  deflections  and  strains  in  the  beam  at  any  given  location 
and  thereby  verify  the  experimental  results  obtained  for  the  deflection  at  the  tip  and 
strains  at  x  =  24-72  cm. 


3.2.  GOVERNING  EQUATION  FOR  THE  MOTION  OF  THE  BEAM 
The  governing  equation  for  the  motion  of  the  beam  has  been  developed  earlier  by 
Clough  and  Penzien  [1].  The  cross-sectional  dimensions  of  the  beam  are  assumed  to  be 
smaller  in  comparison  to  its  length  and  the  effects  of  shearing  force  and  rotary  inertia 
are  neglected.  The  differential  equation,  including  the  eflect  of  external  damping  is 

a^b‘^yldx*-i-r,dyldl->rd'^ylbt^  =  q{x,  l)lp,  (4) 

where  a}  =  EI/p  and  r,  =  cjp. 


3.2.1.  Boundary  and  initial  conditions 
The  boundary  conditions  can  be  written  as  follows: 
at  the  free  end  (x  =  0):(a)  >'''  =  0,  (b)  >’'"  =  0; 

at  the  fixed  end  (x=  1):  (c)  £/y*=  (d)  y  =  0. 

Here  is  the  elastic  constant  of  the  clamping.  K4  is  estimated  by  measuring  the  deflection 
of  the  elastically  clamped  cantilever  beam  tip  when  a  static  load  is  applied  at  its  tip.  For 
such  a  case,  we  observed  a  tip  displacement  of  31  -9  pm  when  a  load  of  0-5  kg  was  applied. 
The  displacement  was  determined  by  double  exposure  laser  speckle  interferometry.  Using 
the  theory  of  deflection  of  elastic  beams  developed  by  Crandall  et  al.  [7],  we  found  K4 
to  be  around  0-6  x  lO’  Nm. 

The  initial  conditions  are  taken  to  be  that  of  zero  velocity  and  zero  displacement:  i.e., 
mathematically,  y(x,  0)  =  0,  y(x,  0)  =  0. 


3.2.2.  Formulation  of  the  loading  intensity 
Following  Hoppman  [8],  the  contact  force  F(x,  t)  on  impact  can  be  written  as 

F(x,r)  =  C(x)Q(l)  (5) 

with 


G(x)  = 


: 


atx  =  0* 
elsewhere. 


mVf){\  +  e)(ir/2Tc)  sin  {vt/Tt) 
0 


for  0<t^Tc 
for  t>Tc 


(6) 


Here  m  is  the  mass  of  the  steel  ball,  e  is  the  coefficient  of  restitution  as  defined  by  Newton, 
Tc  is  the  time  of  contact,  Vq  and  Vf  are  the  velocities  of  the  steel  ball  before  and  after 
impact  and  Q(t)  is  the  temporal  component  of  F(x,  ().  Since  the  contact  force  acts  as  a 
point,  (x  =  0*,  in  our  case  because  we  have  a  shear-free  boundary  condition  at  x  =  0)  it 
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is  igdep?i)dent  of  x.  Hoppman  [8]  has  derived  theoretical  expressions  for  e  and  for 
steel  impacting  steel. 

The  loading  intensity  q(x,  i)  can  then  be  written  as 

q{x,l)  =  g(x)Q(t),  (7) 

where  g(x)  is  a  delta  function  at  x  =  0'^.  Hence, 

g(x)  =  8(x-0*).  (8) 


3.3.  THEORETICAL  SOLUTION 

We  shall  first  enumerate  the  values  and  the  units  of  the  various  constants  involved  in 
our  problem  (see  Table  1).  We  shall  be  using  the  metric  system  of  units. 


Tab’.e  1 


Constant  parameter  values  and  units 


Material  of  the  beam 

mild  steel 

Young's  modulus  of  the  beam,  E 

200x10* 

(N/m’) 

Height  of  the  beam  crosS'Section,  h 

25-37x10-’ 

(m) 

Width  of  the  beam  cross>section,  b 

12-68x10-’ 

(m) 

Length  of  the  beam,  / 

0-3572 

(m) 

Mass  per  unit  length  of  beam,  p 

2-53225 

(Kg/m) 

Impact  force  contact  time,  T, 

2-2x10'* 

(s) 

Initial  velocity  of  ball,  Vo 

0-931 

(m/s) 

Cofficient  of  restitution,  e 

0-22 

Radius  of  the  ball,  r 

11-0871x10-’ 

(m) 

Material  of  the  ball 

steel 

Density  of  the  ball,  d 

7-85x10’ 

(Kg/m’) 

Coefficient  of  external  damping,  C} 

46-29 

(Ns/m’) 

The  ».aefR..eni  » restitution  has  been  selected  as  that  derived  theoretically  by  Hoppman 
[8]  for  the  numerical  examples  presented  in  his  work. 

The  coefficient  of  external  damping  is  calculated  from  the  logarithmic  decrement  of 
the  tip  displacement  curve  obtained  experimentally.  Its  computation  is  discussed  in 
section  4. 

The  impact  force  contact  time  is  estimated  from  the  strain  gage  curves  recorded  on  the 
oscilloscope.  It  is  found  to  be  of  the  same  order  as  that  derived  theoretically  by  Hoppman 
[8]  for  similar  experimental  conditions. 

For  displacement  of  the  free  end  of  the  cantilever  beam,  by  following  Clough  and 
Penzien  [  1  ],  the  analytical  solution  of  the  above  governing  equation  for  the  given  boundary 
and  loading  conditions  is  found  to  be  as  follows: 

00 

>■(0,1)=  I  -  e*’'Q(T)sinpd.(r-T)dT,  (9) 

n-l  Pd.P<>>n  Jo 

where,  for  the  first  three  modes,  /C|/=  1-67264,  kj/ =  4-33152  and  A:j/  =  7-37983, 

X„(x)  =  (sin  k„x-fsinh  /c„x)-Fa„(cos  /c„x-fcosh  M),  (!0) 

a„  = -(sin k„/-t-sinh k„/)/cos cosh k„/),  w„=[  Xjdx,  (11,12) 

Jo 


where  pi  =  a^k*„,  26„  =  r„  and  =  ^/pl-bl. 
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By  using  these  results,  the  tip  displacement  was  determined  as  a  function  of  time  using 
a  computer.  F.urthermore,  the  strain  at  any  given  location  x  on  the  top  surface  of  the 
cantilever  beam  can  be  obtained  by  differentiating  the  result  from  equation  (9)  twice  with 
respect  to  x  as  follows: 

,  .X  h  ^  kl[{sink^-sinhk„x)  +  a„{cosk^-coshk^)]  _  , 

- yM.')-  (I3) 

The  strain  can  be  numerically  computed  for  any  given  location  x  by  using  this  equation. 

4.  result; 

The  doubly  exposed  specklegrams  provided  the  number  of  fringes  from  which  the 
displacement  at  each  instant  was  calculated.  For  convenience  of  comparison,  we  have 
normalized  the  amplitude.  The  fringes  obtained  were  horizontal  implying  a  displacement 
in  the  y-direction.  The  sign  of  the  fringes  was  inferred  from  the  direction  of  impact.  Since 
the  impact  is  in  the  positive  y-direction,  the  fringes  in  the  first  half-cycle  are  assumed  to 
have  a  positive  sign.  The  sign  of  the  fringes  then  alternates  between  positive  and  negative 
for  each  consecutive  half-cycle.  From  the  plot  of  the  experimental  results  (see  Figure  5) 
for  the  tip  displacement,  the  fundamental  frequency  of  the  beam  has  a  time-period  of 
about  7'75  ms.  Figure  6  shows  the  variation  of  strain  at  the  top  surface  at  x  =  24-72  cm. 
The  experimental  results  for  tip-disolacement  and  strain  have  the  same  fundamental  time 
period.  This  gives  support  to  the  rt  suits  for  displacement  obtained  experimentally. 


Tim«  (m/i) 

Figure  5.  Comparison  of  theoretical  and  experimental  results  for  normalized  tip  displacement  vs.  time; 
displacement  summed  over  thee  modes.  •,  Experimental  values; - ,  Theoretical  curve. 


We  shall  now  discuss  the  selection  of  the  coefficient  of  external  damping.  Since  we 
have  considered  external  damping  only,  the  computation  of  8„  involves  the  damping 
constant  C2.  To  determine  Cj,  we  first  estimated  the  logarithmic  decrement  of  amplitude 
from  the  experimental  results.  It  was  found  to  be  0-1431  over  two  cycles.  Then,  one  has 

log  dec  =  In  {y(0,  /)/y (0,  /  +  2 T,)}  =  26,T, , 

where  T,  is  the  time  period  of  the  fundamental  mode  which  was  found  to  be  ai7-75  ms 
from  the  experimental  results.  Using  26„  =  r,  with  r,  =  Cj/p,  one  finds  that  C2=‘46-7. 


258 


P.  K.  GUPTA  AND  F.  P.  CHIANG 


Tim«  Im/i) 

Figure  6.  Comparison  of  theoretical  and  experimental  results  for  strain,  (a)  Theoretical  results  for  strain 
X  •>  24'72  cm,  summed  over  three  modes;  (b)  strain  recorded  from  strain  gages  at  x  "  2*•^2  cm. 

By  using  the  results  from  equations  (6),  (9)  and  (13),  and  the  values  of  the  constants 
involved,  the  values  of  the  tip  displacement  and  strain  at  x  =  24-72  cm  at  successive 
instants  of  time  were  computed.  The  summation  was  performed  for  rt  =  1,  2  and  3.  The 
contribution  of  terms  corresponding  to  n  s  4  was  found  to  be  negligible.  The  results  were 
then  plotted  by  using  a  graphics  software. 

Figure  5  shows  the  tip-displacement  obtained  theoretically  superimposed  by  the  experi¬ 
mental  results  for  the  same.  As  can  be  readily  seen,  the  two  are  in  close  agreement.  Figure 
6  shows  a  typical  experimental  recording  and  the  theoretical  results  for  the  axial  strain 
obtained  at  the  top  surface  at  x  =  24-72  cm.  The  spike  in  the  strain  gage  output  at 
I  =  14-2  ms  is  due  to  the  firing  of  the  laser  at  this  instant.  The  two  results  for  strain  arc 
in  close  agreement  as  well,  thereby  giving  validity  to  our  theoretical  model. 


5.  CONCLUSION 

From  a  comparison  of  the  experimental  and  theoretical  results,  we  have  found  that 
double  exposure  speckle  interferometry  can  be  successfully  applied  to  determine  the 
displacement  curves  for  vibrating  structures.  But  it  is  also  recognized  that  to  determine 
the  curve  totally,  one  must  ensure  that  the  motion  is  repeatable.  Difficulty  can  also  arise 
if  tilt  is  present. 


STUDYING  TRANSIENTS  BY  LASER  SPECKLES 


259 


The  accuracy  of  measurement  is  limited  by  the  range  of  measurement,  the  aperture 
size  of  the  camera  and  the  wavelength  of  the  light  used.  To  cover  a  larger  range  it  becomes 
imperative  to  sacrifice  upon  the  accuracy.  In  other  words,  the  two  are  inversely  related. 

The  results  thus  obtained  can  be  used  to  check  finite-element  codes  which  in  turn  can 
be  used  for  analyzing  complex  structures  where  analytical  or  experimental  results  are 
difficult  to  obtain. 
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Mitraet—Tht  3*D  moracot  intibod  hu  beta  applied  to  object  iden* 
tiflcaiioo  and  positioning.  A  general  theory  of  deriving  3<D  moment 
Invarianu  is  proposed  in  tbia  paper.  The  notion  of  complex  momenu 
is  introduced.  Complex  momenu  are  deflned  u  linear  combinations  of 
momenU  with  complex  cocSclenU.  They  are  collected  into  multipleu 
such  that  each  multiplet  transforms  irreducibly  under  3-D  routlons. 
Using  the  group-theoretic  tKbiiiquc,  various  invariant  scalars  arc  ex¬ 
tracted  from  compounds  of  complex  momenu  via  Clebscb-Gordon  ex¬ 
pansion.  Twelve  moment  invarianu  consisting  of  the  SKond  and  third 
order  momenu  arc  cxpllcitiy  derived  in  the  paper.  They  can  be  used 
as  feature  vectors  for  automatic  idenilScatioo  of  3-0  objecu  and  CAT 
Imagu  In  sUtisticai  pattern  recognition  technique.  VKtors  which  con- 
sisu  of  the  third  order  momenu  can  be  derived  in  a  similar  manner. 
They  can  be  used  to  solve  the  problem  of  two-way  ambiguity  In  defining 
the  principal  axes  of  a  3-0  object,  so  that  the  rigid  body  rotation  can 
be  unambiguousiy  determined  from  the  relative  orientation  of  princi¬ 
pal  axes  in  two  frames.  The  vKtor  moment  forms  can  also  be  used  In 
the  unsor  algorithm  for  motion  estimation. 

Mtx  remt— Complex  momenu,  irreducible  representation,  mo- 
'tion  estimation,  objKt  Identification,  3-0  moment  invarianu. 


I.  Introduction 

EJECT  recognition  and  positioning  arc  two  impor¬ 
tant  aspects  in  scene  analysis.  The  moment  method 
of  image  analysis  has  applications  to  both  aspects.  To 
achieve  position  ir.''ariant  pattern  recognition,  each  pat¬ 
tern  is  represented  by  a  feature  vector  of  moment  func¬ 
tions,  which  are  invariant  under  Euclidean  or  affine  trans¬ 
formation.  These  moment  functions  are  called  moment 
invariants.  Historically,  the  first  significant  paper  on  the 
use  of  moment  invariants  on  the  2-0  pattern  recognition 
was  published  by  Hu  (7].  In  the  following  years,  the 
method  was  demonstrated  by  character  recognition  (7|, 
automatic  aircraft  identification  (31,  and  scene  matching 
[21}.  Hu  used  the  theory  of  algebraic  forms  to  derive  in¬ 
variant  forms.  Reddi  proposed  a  simpler  construction 
method  using  radial  and  angular  moments  [15].  Teague 
extended  Hu's  idea  to  the  concept  of  orthogonal  moment 
sets  [18].  .\bu-Mostafa  and  Psaltis  introduced  the  notion 
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of  complex  moments  and  used  them  to  derive  moment  in¬ 
variants  [1].  Each  complex  moment  depends  only  on  one 
coefficient  of  the  circular  expansion  of  the  2-D  image  func¬ 
tion.  This  fact  determines  which  features  of  the  image  con¬ 
tribute  to  the  value  of  each  complex  moment,  and  readily 
answers  that  how  much  information  is  lost  when  the  mo¬ 
ment  sequence  is  truncated.  They  also  derived  analytic 
formula  which  relates  the  correlation  functions  of  the 
complex  moments  to  the  statistic  parameters  of  noise  tn 
the  stochastic  process.  In  fact,  their  paper  provides  a  the¬ 
oretical  framework  to  predict  the  discrimination  power  and 
robustness  of  the  moment  invariants  in  any  2-D  pattern 
recognition  problem.  Recently,  Teh  and  Chin  reported  a 
comparative  study  of  image  analysis  using  geometric,  or¬ 
thogonal  and  complex  momenu  [19].  Fundamental  is¬ 
sues,  such  as  image  represenution  capability  and  noise 
sensitivity  were  discussed  in  their  paper.  The  extension 
of  2-D  moment  invarianu  to  3-D  moment  invariants  was 
attempted  by  Sadjadi  and  Hall  [16].  However,  only  sec¬ 
ond-order  moment  invariants  have  been  explicitly  de¬ 
rived.  Moreover,  their  derivation  of  the  second-order  mo¬ 
ment  invariants  was  based  on  the  theory  of  conic  surfaces, 
so  it  may  not  be  easily  generalized  to  derive  higher  order 
moment  invarianu.  Since  3-D  information  of  objects  can 
be  obtained  by  computer  tomographic  reconstruction, 
passive  3-D  sensors  or  active  range  finders,  algorithms  of 
systematic  derivation  of  3-D  moment  invarianu  should  be 
developed  for  3-D  object  identification. 

MomentS'have  also  been  used  to  find  the  coefficients  of 
the  coordinate  transformation  that  relates  the  arbitrary  and 
the  standard  positions  of  an  object.  Using  the  moment 
tensors  of  two  image  patterns  which  result  from  the  or¬ 
thogonal  projections  of  a  rigid  planar  patch  at  two  onen- 
tations,  Cyganski  and  Orr  proposed  a  method  to  derive 
the  affine  transformation  which  relates  these  two  image 
patterns  [2],  [14].  Euler  angles  are  subsequently  re¬ 
covered  from  the  parameters  of  the  2-D  affine  transfor¬ 
mation.  The  four  parameters  of  the  general  linear  trans¬ 
formation  matrix  are  the  solutions  of  four  linear  algebraic 
equations  whose  coefficients  are  the  components  of  the 
two  vectors  (unit  rank  tensors)  evaluated  at  two  different 
orientations  These  two  vectors  are  derived  from  higher 
order  moments  by  contracting  their  tensor  indices  with 
those  of  antisymmetric  permutation  tensors.  Cyganski  and 
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Orr  also  developed  a  tensor-based  algorithm  for  object 
identification.  They  used  their  procedure  to  “normalize” 
the  unknown  pattem-as  well  as  the  library  pattern  with 
respect  to  the  same  standard,  so  that  the  matching  be¬ 
tween  the  unknown  pattern  and  the  library  pattern  can  be 
done  in  a  view  independent  way.  Tensor  method  has  been 
extended  to  study  3-0  medical  images  by  Faber  and 
Stokely  [5].  They  applied  the  method  to  two  binary  im¬ 
ages,  a  geometric  object  and  a  thresholded  spect  (single 
photon  emission  computed  tomography)  study  of  a  car¬ 
diac  blood  pool.  Their  derivation  of  vector  forms  utilized 
complicated  tensor  algebra.  Moreover,  the  results  may  be 
sensitive  to  noise,  because  their  vectors  contain  higher 
order  moments  which  may  be  more  vulnerable  to  noise 
contamination. 

The  orientation  of  a  rigid  body  can  be  determined  by 
its  second-order  3-D  central  moments.  The  second-order 
moments  are  calculated  from  the  3-D  data  of  a  set  of  fea¬ 
ture  points  on  the  object,  if  the  coordinates  of  these  fea¬ 
ture  points  are  known  in  both  original  and  rotated  frames. 
The  eigen  decomposition  of  the  moment  matrix  will  result 
in  four  sets  of  principal  axes,  due  to  the  two-way  ambi¬ 
guity  of  each  axis.  Therefore,  four  possible  rotation  ma¬ 
trices  can  be  derived  from  measuring  the  relative  orien¬ 
tations  of  the  principal  axes  in  the  original  and  rotated 
frames.  Lin  et  al.  [12]  proposed  that  the  correct  rotation 
matrix  could  be  selected  by  exact  matching  feature  points. 
On  the  other  hand,  we  construct  a  vector  which  consists 
of  the  third  order  3-D  moments  of  an  object.  The  correct 
coution  matrix  is  determined  by  matching  the  values  of 
this  vector  form.  More  detailed  discussion  of  our  method 
will  be  given  in  Section  IV  of  this  paper.  The  eigenvalues 
of  the  central  moment  matrix  are  moment  invariants.  In 
fact,  they  are  solutions  of  the  third-order  characteristic 
polynomial  whose  coefficients  are  the  second  order  mo¬ 
ment  invariants  given  in  [16].  Using  a  perturbation  for¬ 
mula,  we  can  show  that  the  noise  conumination  effect  is 
suppressed,  if  the  eigenvalues  are  very  distinct  from  each 
other.  Therefore,  we  may  use  the  second-order  moment 
invariants  to  predict  the  performance  of  the  algorithm  in 
a  noisy  environment.  It  is  also  possible  to  estimate  the 
rotation  matrix  by  the  perturbation  formula,  if  values  of 
the  parameters  in  the  formula  ate  determined  by  noise 
models  or  other  assumptions. 

In  this  paper,  we  propose  a  group-theoretic  method  to 
derive  the  3-D  Euclidean  moment  invariants.  In  a  coorl- 
dinate  system  whose  origin  coincides  with  the  centroid  of 
a  3-D  pattern,  a  moment  of  order  p  is  transformed  into  a 
linear  combination  of  moments  of  order  p  under  the  ro¬ 
tation  transformation  of  coordinates.  The  coefficients  of 
the  linear  combination  are  the  matrix  elements  of  a  re¬ 
ducible  representation  of  three-dimensional  rotation 
group.  The  dimension  of  the  reducible  representation  is 
ip  +  I  )(p  +  2)/2.  Our  procedure  is  to  decompose  the 
reducible  representation  into  a  direct  sum  of  irreducible 
representations  using  the  Clebsch-Gordon  expansion  [4], 
(8).  We  also  derive  complex  moments  of  orderp  as  linear 
combinations  of  moments  of  the  same  order,  such  that 
they  are  transformed  by  the  irreducible  representations  in 
the  Clebsch-Gordon  senes.  The  coefficients  of  the  linear 


combinations  may  be  complex.  The  irreducible  represen¬ 
tations  of  rotation  group  are  indexed  by  a  positive  integei 
or  a  half  integer  [4],  [8].  Only  representations  with  inte¬ 
ger  indices  will  appear  in  this  paper.  Complex  moment! 
which  are  transformed  by  an  irreducible  representation  D 
are  collected  in  the  vector  «[•••«'"•••]  and  -/  s 
m  ^  1.  The  vector  v,  has  all  the  transformation  properties 
as  those  of  irreducible  tensor  operators  [4],  [20].  In  fact, 
we  shall  derive  moment  invariants  and  various  complex 
moment  forms  using  the  calculus  of  irreducible  tensor  op¬ 
erator.  Composite  complex  moment  forms  which  are 
transformed  according  to  certain  irreducible  representa¬ 
tions  D‘  can  be  derived  as  linear  combinations  of  the 
product  »>/  and  v,-  where  the  coefficients  in  the  linear  com¬ 
binations  are  the  vector  coupling  coefficients  [4].  The  mo¬ 
ment  invariants  are  those  moment  forms  which  are  trans¬ 
formed  by  the  identity  representation  corresponding  to  j 
s  0.  Higher  rank  moment  invariants  can  be  obtained  from 
the  combination  of  three  or  more  complex  moment  mul- 
tiplets  V,  by  using  the  analogous  procedures  and  combin¬ 
ing  them  two  at  a  time.  We  shall  demonstrate  our  method 
by  deriving  the  second-  and  third-order  moment  invari¬ 
ants.  Three  second-order  invariants  have  been  derived  and 
shown  to  be  equivalent  to  the  results  of  [16].  Moreover, 
we  have  obtained  another  nine  invariants.  There  are  two 
quadratic  third-order  moment  invariants,  which  are  bi¬ 
linear  forms  of  the  third-order  moment;  four  quattic  third- 
order  moment  invariants,  which  are  fourth-order  homo¬ 
geneous  polynomials  of  the  third-order  moments;  and 
three  moment  invariants  which  contain  both  the  second 
order  and  third-order  moments.  We  have  also  derived 
three  vector  forms  using  only  the  second-  and  third-order 
moments.  They  can  be  used  to  determine  translation  and 
orientation  parameters  of  a  given  object  by  the  tensor 
method.  Our  expression  for  the  unit  rank  tensors  are  much 
simpler  than  those  in  [5].  Furthermore,  our  results  may 
be  less  sensitive  to  noise  because  we  do  not  use  moments 
with  order  higher  than  three  in  the  derivation. 

The  paper  is  organized  as  follows.  In  Section  II.  we 
define  complex  moments  and  describe  our  procedure  for 
deriving  various  3-D  moment  forms  using  complex  mo¬ 
ments.  In  Section  III,  we  construct  the  second-  and  third- 
order  moment  invariants.  In  Section  IV,  we  discuss  the 
application  of  vector  moment  forms  to  various  algorithms 
for  3-D  motion  parameter  estimation.  The  computer  ver¬ 
ification  of  our  formulae  and  empirical  study  of  the  digi¬ 
tizing  errors  and  noise  effect  are  given  in  Section  V.  Sec¬ 
tion  VI  contains  our  concluding  remarks. 

II.  3-D  Moments,  Complex  Moments,  and  Group- 
Theoretic  Method 

The  3-D  moments  of  order  /  +  m  n  of  a  3-D  density 
function  p(X|,  xj,  X3)  are  defined  by  the  Riemann  inte¬ 
grals 


Af, 


*0*  J  J  - 


x^x^XlPix^,  x,.  X3)  dXi  dxi  drv 

(1) 

If  the  density  function  is  piecewisely  continuous  and 
bounded  in  a  finite  region  in  Rj  space,  then  moments  of 
all  order  exist.  In  this  case,  the  charactenstics  function  of 


t 
1 
I 


LO  AND  DON:  3-D  MOMENT  FORMS 


1055 


the  density  function  can  be  defined 
A/(m,,  h2,  «3)  =■*  j  ’I  j 

'  p{xx,  xi,  Xi)  dx^  dxi  dxy  (2) 


It  can  be  expanded  into  a  power  series, 
iW(«i,  «2.  M3) 


!'  r  r 


+  MiXi  +  U-^X-iY 


'  p{xx,Xi,Xi)dxxdXidxy  (3) 

Interchanging  the  integration  and  summation  in  (3),  and 
using  the  definition  of  moments,  we  can  express  the  char¬ 
acteristic  function  as  an  infinite  series  of  homogeneous 
polynomials  of  U|,  uy  and  uy 

^  F 

•-  A/(mi,  M2,  M3)  =»  2j  — uj)  (4) 
p-op! 

where 

"'■”“''“'"5-  <’> 

For  later  convenience,  we  define  a  vector  u  whose  com¬ 
ponents  are  the  monomials  m'u^u"  and  a  vector  m  whose 
components  are  the  coefficients  of  m'im" mJ  in  tip,  that  is, 

u  =  [m?,  m5,  •  •  •  ,  m',m?«3,  •••]'', 

p'- 

^poo<  AfopOl 


m  = 


•Af, 


so  that  Hp  can  be  written  as  a  scalar  product  of  m  and  u. 
The  components  in  u  and  m  may  be  arranged  in  different 
order,  so  long  as  their  scalar  product  remains  to  be  Hp, 
The  centroid  of  the  density  function  can  be  determined 
from  the  wroth  and  the  first-order  moments  by 

_  _  A/ioo  A/qio  A/qoi  . 

•'l  “  ly  •  “  77“*  -^3  =  TT''  (') 

^000  Alooo  Aiooo 

Moments  with  their  origin  at  the  centroid  of  the  density 
function  are  called  central  moments.  The  central  moments 
are  invariant  under  translation.  From  now  on.  we  assume 
that  the  origin  of  the  coordinate  system  is  always  at  the 
centroid,  so  all  the  moments  are  central  moments,  and  the 
characteristic  function  is  also  referred  to  central  mo¬ 
ments. 

The  phase  of  the  characteristic  functic  i  is  invariant  un¬ 
der  rotation,  so  both  the  spatial  frequency  vector  m  =  (mj, 
M2,  M3)  and  the  coordinate  vector  x  =  (x,,  xy  3:5)  are 
transformed  by  the  same  orthogonal  matrix  under  rotation 
of  the  coordinate  system,  i.e., 

x'  =  Rx,  u'  -  Ru.  (8) 

The  transformation  property  of  the  moments  can  be  de¬ 
termined  from  that  of  the  spatial  frequency  u  by  the  fol¬ 
lowing  equation: 


p 

z 

t.m,n  < 


0  I'.mlnl 

p 

=  z 

l.m.n  * 


7  W  I  ^  ; 


0  timin'. 


(9) 


where  and  m/  are  the  corresponding  quantities  after 
transformation.  Since  monomials  U\UiUj  are  transformed 
among  themselves  under  rotation,  moments  of  the  same 
order  are  also  transformed  among  themselves.  The  (ab¬ 
solute)  moment  invariant  is  a  homogeneous  polynomial 
of  moments  which  retain  its  value  after  rotations.  Moment 
invariants  are  valuable  for  recognition  of  3-D  objects  in¬ 
dependent  of  their  positions  and  orientations.  In  [16).  it 
has  been  shown  that  there  are  at  most  ( ( p  +  1 )  ( p  -i- 
2)/2)  -  3  absolute  moment  invariants  of  order  p.  In  the 
following,  we  propose  an  algebraic  method  to  construct 
the  moment  invariants.  The  basic  principle  of  our  method 
is  the  representation  theory  of  rotation  group.  A  compre¬ 
hensive  and  elegant  introduction  of  the  group  represen- 
tatio",  theory  can  be  found  in  [4],  [8]. 

The  first  step  of  our  approach  is  to  decompose -the  sym¬ 
metric  tensor  space  into  a  direct  sum  of  invariant  sub¬ 
spaces  on  which  the  rotation  group  operates  irreducibly. 
We  choose  the  new  basis  of  the  tensor  space  to  be  the 
harmonic  polynomials  yT{  =  p'’YT),  where  p  is  the  mag¬ 
nitude  of  the  vector  m,  and  T"  is  the  spherical  harmonics. 
The  spherical  harmonics  are  solutions  of  the  Laplace  dif¬ 
ferential  equation.  They  form  a  complete  orthonormal  ba¬ 
sis  for  the  continuous  real  valued  functions  defined  on  a 
unit  sphere.  It  is  well  known  that  a  spherical  harmonics 
y"  is  transformed  by  rotation  of  coordinate  system  Into  a 
function  which  can  be  expressed  as  a  sum  of  spherical 
harmonics  with  the  same  /  but  with  m  running  over  the 
range  -/sms/.  Therefore,  the  harmonic  polynomials 
y"  span  an  invariant  irreducible  subspace  of  dimension  2/ 
+  1.  Expressing  each  monomial  basis  m'imJ’m;  as  a  linear 
combination  of  the  harmonic  polynomials  yj".  we  achieve 
the  decomposition  of  the  symmetric  tensor  space  into  a 
direct  sum  of  invariant  incducible  subspaces.  The  sym¬ 
metric  tensor  space  of  rank p,  can  split  into  invariant  sub¬ 
spaces  of  dimensions  2p  +  1.  2p  -  3.  2p  -  7.  2p  -  11. 
etc.  For  example,  a  second  rank  symmetric  tensor  splits 
into  two  invariant  subspaces  of  dimension  five  and  one;  a 
third  rank  symmetric  tensor  splits  into  two  invariant  sub- 
spaces  of  dimension  seven  and  three;  a  fourth  rank  sym¬ 
metric  tensor  splits  into  three  invariant  subspaces  of  di¬ 
mension  nine,  five,  and  one. 

The  transformation  matrix  between  the  monomial  basis 
and  the  harmonic  polynomial  basis  is  generally  complex. 
We  shall  use  the  hermitian  conjugate  of  this  matrix  to 
transform  the  moments  into  complex  moments.  Let  y  be 
the  vector  of  harmonic  polynomials  which  are  the  basis 
of  the  symmetric  tensor  space  of  rank  p. 

y  =  (yp.  •  •  •  . yj:l.  •  •  •  .  y;tl\  •••]''.  ( lO) 

There  exists  a  nonsingular  complex  matrix  .4,  such  that 

u  =  Ay,  (11) 

where  the  vector  u  is  given  in  (6).  The  rows  of  A  are 
indexed  by  the  three  indexes  Imn  of  moments  and  the  col¬ 
umns  of  A  are  indexed  by  the  two  indexes  /  and  m  of 
spherical  harmonics.  We  define  the  vector  of  complex 
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moments  p  by 

V  -  A*m  (12) 

where  is  the  hermifian  conjugate  of  A.  The  element  of 
V  is  of  the  form  p",  with  /  *=  p,  p  -  2,  p  -  4,  •  •  •  .  and 
-I  S  m  s  1.  U  one  permutes  the  components  of  u,  then 
the  components  of  m  and  the  columns  of  A  matrix  will  be 
permuted  correspondingly.'  Howeve'r,  the  complex  mo¬ 
ments  calculated  from  (12)  is  invariant  under  this  per¬ 
mutation  transformation.  Note  that  Hp  can  also  be  ex¬ 
pressed  as  scalar  products  of  y  and  v.  Under  roution 
transformation,  y  is  transformed  by  the  block  diagonal 
matrix  D  of  the  form 


where  the  matrix  D*  on  the  diagonal  of  D  belongs  to  the 
irreducible  representation  I  of  the  rotation  group,  and  /  ^ 
p,  p  -  2,  p  -  4,  •  •  • .  The  block  diagonal  structure  of  D 
implies  that  the  complex  moments  vf  oti  given  i  are  also 
transformed  by  the  irreducible  representation  matrix  D'. 
A  different  derivation  of  complex  moments  is  given  by 
■  Kanauni  (10],  [11].  He  used  the  generating  function  of 
spherical  harmonics  to  transform  moments  to  complex 
moments.  Let  v/  be  the  vector  (pJ,  p}"',  •  •  ♦  ,  vf‘].  The 
tensor  product  of  P{  and  Vf  is  transformed  by  the  reducible 
representation  D'D'  .  This  reducible  representation  can  be 
decomposed  into  a  direct  sum  of  irreducible  representa¬ 
tions  by  the  Clebsch-Gordon  series  (4],  [8] 

;■!(-(  I 


where  <  /,  m,  l\  n  ( /,  l',j,  m  +  «  >  is  the  vector  coupling 
or  Clebsch-Gordon  coefficient  (4].  "Composite"  com¬ 
plex  moment  forms  which  are  transformed  according  to 
the  irreducible  representations  in  the  Clebsch-Gordon  se¬ 
ries  can  be  constructed  as  linear  combinations  of  p  Tvl-by 

m«/ 

p(f./')‘=  E  </,m,/'.fc -m|/,/',;,Ji)p7p}."". 

^  m«  */ 


The  p(/,  /')o  is  a  moment  invariant.  Moment  invariants 
which  are  high-order  homogeneous  polynomials  of  mo¬ 
ments  can  be  obtained  by  using  (15)  to  construct  j  ~  0 
invariant  scalars  from  the  tensor  product  of  p(/,  /')*‘s  and 
pr’s.  In  particular,  the  "norm"  of  the  complex  moment 
function  p(/,  /')* 

pU/')^=  E  (-i)^'‘(2y-»- 1)”/' 

J  km-j 

•  p(/, /')>(/. /');*  (lb) 

is  a  moment  invariant.  Unit  rank  tensors  can  also  be  ob¬ 
tained  from  (15)  with  ;  -  1.  These  tensors  are  useful  in 
the  recently  developed  tensor  method  for  orientation  es¬ 
timation  and  object  identification  [2],  [14]. 

III.  Moment  Invariants 

In  the  following,  we  shall  demonstrate  our  method  by 
constructing  the  second-  and  third-order  moment  invari¬ 
ants. 

A.  Construction  of  Second-Order  Moment  Invariants 
The  vector  u  of  the  monomial  basis  of  the  second  rank 
symmetric  tensor  is  given  explicitly  as 

U  =  [«i,  Mj,  «3,  U,U2.  H,Mj,  MjMj]^  (17) 

The  monomial  u],  M|Mi,  ■  •  •  can  be  expressed  as  linear 
combinations  ofyo  and  yj’f'"  ®  -2,  •  •  *  ,  2).  The  trans¬ 
formation  formulas  arc  given  in  [4].  The  corresponding 
A  matrix  in  (1 1)  is  found  to  be 


II  2 

\15  3 

\15  3 


A  —  •Jr 


0  0 


4 


0  0 


0  0  0^ 
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Using  (12),  the  complex  moments  are  calculated  to  be 


■iMjoo  ”  '♦"y2A/||o),  (19.a) 


I  -  / 

"’a/Ts  <- 


2A/|oi  j2Mon), 


(19.b) 


Therefore,  it  is  evident  that  the  two  results  are  eqi)ivaient< 
to  each  other. 

B.  Construction  of  Third-Order  Moment  Invariants 

The  complex  third-order  moments  can  be  similarly  cal¬ 
culated,  they  are  given  below 


at  ▼  TT 

''0  =  (2A/oo2  “  A/300  “  ( 19.c) 


300  +  AA/t2o)  +y(A/o30  “  3A/3io)]. 

(25.a) 


I':"  =  J-jJ  (2Af,o,  -y2A/o„). 


;-2  -  S 


(19.d)  ^  +;2A/,„].  (25.b) 


(A/200  ”  Afo:o  ~  y2A/|  10),  {19.e) 


•  vq  “  2  '^(A/200  +  A/020  +  A/oo2).  (I9.f) 

The  complex  moments  in  (19)  agrees  with  those  obtained 
by  Kanatani  [10).  We  immediately  observe  that  vq  is  a 
linear  moment  invariant.  The  quadratic  moment  invariant 
is  the  norm  of  v” 


v(2,  2);  -  (5)“'^(2v|v3"^  -  2v\y{'  +  (v?)^).  (20) 

The  cubic  moment  invariant  of  the  second-order  moments 
can  be  obtained  by  first  constructing  a  second  rank  spher¬ 
ical  tensor  r)”  as  follows: 

(•2 

>72  =*  S  (2,  t,  2,  m  -  t|2,  2,  2,  m)F3V2  (21) 

t  ■  -2 

and  then  taking  the  scalar  product  of  17^  and  to  get 

77V  =  -  772  »'2"'  +  »?2»'2 

-  '?2"‘'2  +  (22) 

The  three  second-order  moment  invariants  given  in  [16] 
are 

J\  »  A/200  +  A/020  +  A/oo2,  (|23.a) 

Ji  »*  A/200  A/020  +  A/200  A/002  A/020A/002  ~  <1/|0I 

—  A/fio  “  A/qii,  (23. b) 

Ji  »  A/200  A/020  A/002  “  A/002A/110  +  2A/uoA/ioiA/oh 

-  A/020A/101  -  A/2ooA/oh*  (2.3.c) 

Our  results  can  be  expressed  as  algebraic  equations  of  7), 
Ji,  and  Jj, 


*'3  ®  [(A/300  +  A/|20  -  4A/102) 

+  j{Moio  +  A/210  *“  4A/oi2)1, 

*'3  [2A/oo3  “  3A/201  -  3A/o2i], 

>/3^ 

*'3’’  “  [( “A/300  “  A/120  +  4A/102) 

+  y(A/o3o  +  A/210  “  4A/012)], 


(25.C) 

(25.d) 


(25.e) 


-2 

*  a  /— 


vO  _  27r  /  8  ,2 


(24.a) 


(24.b) 


27rN/27r  / -32  ,,  \ 


(24.C) 


[(A/201  “A/02,) -y2A/i  11],  (25.f) 


V)^  *  [(A/300  ”  3A/i2o)  +y(A/o3o  -  3A/2io)|. 

{25.g) 


V 

l/j  5*  — j—  [(  -A/300  ”  A/|2o  -  A/102) 

“y(A/o3o  A/210  A/oi’)],  (26. a) 

2  '/Sir 

F?  =®  — ^ —  (<A/oo3  A/201  +  A/021],  (26. b) 

>’1”'  “  j  [(A/300  +  A/|20  +  A/102) 

—  y(A/o3o  +  A/210  A/oi2)]'  (26. c) 

The  quadratic  moment  invariants  arc  the  norms  of  vj  and 

v(3.  3)^  =  (7)"''(2viF,-’  -  2v5.'3"' 

+  2Fjt-3-'  -  (f?)'].  (27.a) 

f(1.  l);  =  (3)''''(2v!vr'-(i-?)'j.  (27b) 

Moment  invariant  which  is  a  cubic  form  of  third-order 
moments  vanishes,  due  to  the  symmetry  property  of  the 
vector  coupling  coefficients  in  (Al.a)  of  Appendix  A.  The 
quanic  moment  invariants  can  be  obtained  by  following 
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the  general  procedures  outlined  in-Section  II.  "Compos¬ 
ite”  complex  moment  forms  v{l,  /')”  with  LI'  =  1,3 
andy  =  odd  integer," also  Vanish  identically  because  of 
the  symmetry  property  in  (A I. a).  Other  complex  moment 
forms  can  be  calculated  by  using  (15).  The  expressions  of 
those  complex  moment  forms  which  are  relevant  to  the 
construction  of  moment  invariants,  are  given  in  Appendix 
B.  There  are  only  four  independent  quartic  moment  in¬ 
variants. 


2 


p^(3,3)j  =  (5)"'^^  S  (-l)'^'"” 

m  «  -2 

•  p(3,3);p(3.3):'", 

(28.a) 

p'(3,  l)j  =  (5)’'^'  S  (-I)"""’ 

•  p(3,  i);'p(3,  d:". 

(28.b) 

p(3,3)jP(3.  l)j  =  (5)''^'  Z  (-1)''""V 

m«  -2 

(3.3): 

•*'(3.1);'". 

(28.C) 

p(3,  l)jP(l,l)j  =  (5)"^'  t 

<n  •  -2 

•p(3. 1)>(1.  Df. 

(28.d) 

The  norms  of  i'(3,  3)?  and  vO,  3)"  are  linear  combi¬ 
nations  of  v\3,  3)2  and  the  square  of  the  quadratic  mo¬ 
ment  invariants  p(3,  3)o.  The  scalar  product  of  ^(3. 
3)"  and  vC  1,  1 )"  is  a  linear  combination  of  the  quartic 
invariant  p^(3,  1  )2  and  the  product  of  quadratic  moment 
invariants  »'(1,  l)o  v(3,  3)o.  The  scalar  product  »'(3, 
3)r  and  p(3,  1 )?  is  proportional  to  the  moment  invariants 
v(3,  3)2  J'{3,  1  )i.  The  norm  of  p{  1,  1  )2'  is  proportional 
to  the  square  of  quadratic  moment  invariants  vf  1,  1  )o.  It 
is  possible  to  form  moment  invariants  which  contain  both 
the  second-  and  third-order  moments.  In  fact,  the  scalar 
product  of  vi  in  (19)  with  any  of  the  three  second  rank 
composite  complex  moment  forms  in  Appendix  B  is  a  mo¬ 
ment  invariants.  We  write  down  these  expressions  below; 

p(3,  3),p2  »  (5)"^'  S  ( -l)‘'-"V(3,  3)>:"', 

m  ■  -2  *  • 

(29.a) 

•-o.  i),v;  =  (5)”^=  t  (-i)"'"V(3. 1):.-:”, 

•  m  •  '•2  •  • 

{29.b) 

p(l,  l),p:  =  (5)’"'  t  (-!)"•%(  1.  DTp,"". 

•  /n  •  -2  •  • 

(29.C) 

Under  the  similitude  transformation,  i.e.,  the  change  of 
size,  the  moment,  is  transformed  as 

A/,™  -*  (30)' 


where  /  +  m  +  «  =  p  and  X  is  the  scale  factor.  It  is 
obvious  that  the  following  quantity; 

Af/mn  / 1 1  > 

is  a  similitude  invariant  moment.  Similitude-Euclidean 
moment  invariants  can  be  easily  derived  by  substituting 
(ii„„  for  Mi„„  in  the  equations  of  moment  invanants.  On 
the  other  hand,  the  authors  of  [16]  divided  various  mo¬ 
ment  invariants  by  suitable  powers  of  pq.  and  derived  sim¬ 
ilitude-invariant  quantities.  We  follow  their  procedure  and 
obtain 


;2  .  "(2.  2): 

“  ■  (.8)’  ■ 

(32.a) 

-_ZL 

(32.b) 

-0.  < 

(32.C) 

,, .  "<'■ 

(32.d) 

,,  j  >'(3,  3),P2 
■  (^8)"'’  ■ 

(32.e) 

,,  j  >'(3.  OjV; 

(^’o) 

(32.f) 

2.3  *'(1.1):*': 

'  (.8)""  ■ 

(32.g) 

{*'o) 

(32.h) 

,  p(3.  3),p(3.  1), 

(32.i) 

(,8)“"  • 

(32.j) 

,  p(3.  1),  p(l.  l)j 

■  (.8)“'’  ■ 

(32.k) 

Under  the  improper  transformation,  x  —  -x,  moments 
(complex  moments)  of  odd  order  will  obtain  a  negative 
sign,  but  moments  (complex  moments)  of  even  order  will 
remain  unchanged.  The  eleven  moment  invariants  in  (32) 
are  invariant  under  spatial  inversion.  The  numencal  study 
of  these  quantities,  including  roundoff  effects,  will  be 
given  in  Section  V. 

IV.  Moment  Forms  and  Motion  Estimation  of 
3-D  Objects 

Moments  have  also  been  used  to  estimate  the  affine 
transform  parameters  of  2-D  and  3-D  images.  Cvganski 
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and  Orr  developed  « tensor-based  technique  to  recover  the 
affine  transform  of  a  2-0  image  resulting  from  the  orthog¬ 
onal  projection  of  a  rigid  planar  patch  [2],  [14],  Their 
method  has  been  extended  to  affine  transform  determina¬ 
tion  for  3-D  objects  by  Faber  and  Stokely  (5).  Faber  and 
Stokely  calculated  a  set  of  central  moments,  and  then  de¬ 
rived  several  unit  rank  tensors  (vectors)  by  contracting  the 
tensor  indexes  of  the  moments  with  the  tensor  indexes  of 
the  totally  antisymmetric  tensor  However,  the  unit 
rank  tensors  derived  by  their  method  may  often  contain 
the  fourth-  and  the  fifth-order  central  moments.  In  the  ten¬ 
sor  approach  of  motion  estimation,  the  linear  part  of  the 
affine  transform  is  determined  by  solving  the  following 
system  of  linear  equations  for  r 


0  =  Pr,  (33) 

where  the  array  o  contains  the  x,  y,  c  components  df  three 
vectors  b',v',w’,  which  are  derived  from  the  central  mo¬ 
ments  of  the  object  to  be  identified.  The  vector  compo¬ 
nents  are  arranged  in  o  as  follows: 


0  »  [h;,  y;,  w;,  t',,  y;.  w;.  d;,  y;,  (34) 


The  array  r  contains  the  matrix  elements  of  the  affine 
transform. 

^  “  [^ll>  ^12*  ^13*  ^2||  ^22*  ^23*  ^31*  ^32>  ^33]  •  (^5) 


The  9x9  matrix  /*  is  a  block  diagonal  matrix  with  three 
identical  3x3  matrices  on  the  diagonal.  This  3x3  ma¬ 
trix  has  the  following  expression: 


bj,  by  b. 

y,  Vy  y, 
w,  w. 


(36) 


where  bj,  by,  •  •  •  ,  y,,  y,,  •  •  •  ,  w,,  •  •  •  ,  are  the  com¬ 
ponents  of  the  corresponding  vectors  b,  v,  w,  which  are 
derived  from  the  central  moments  of  the  prototype.  Once 
the  linear  part  of  the  affine  transform  is  determined,  the 
translation  parameters  can  be  determined  from  the  trans¬ 
formation  property  of  the  first-order  noncentral  moments. 

Practically,  we  may  assume  that  the  linear  part  of  the 
affine  transform  is  simply  a  product  of  a  constant  and  an 
orthogonal  matrix  which  specify  the  relative  size  and  ori¬ 
entation  of  the  object  and  the  prototype,  respectively.  In 
this  case,  the  calculation  of  vectors  using  (IS)  can  save 
computation  effort.  In  fact,  i'"  in  (26)  is  the  already  avail¬ 
able  vector,  and  we  identify  it  with  b.  Using  (IS),  v  can 
be  calculated  from  the  product  of  v”  and  v",  and  w  can 
be  calculated  from  the  product  of  vj  and  vj.  Their  expres¬ 
sions  are  given  in  Appendix  C.  In  the  expressions  of  v 
and  w,  there  is  no  term  which  contains  central  moments 
of  order  higher  than  three.  Moreover,  each  component  of 
the  vector  is  an  accumulative  sum  of  products  of  two  com¬ 
plex  moments.  This  makes  tensor  technique  for  motion 
estimation  easier  to  be  implemented  on  digital  computer. 
We  use  the  following  equations  to  define  the  .t,  y.  ;  com¬ 
ponents  of  a  vector  in  terms  of  its  components  in  ihe 


I 

I 

I 


spherical  harmonic  basis  , 

a,«[a(-l)-fl(l)]/>^ 

=^'[‘*("0  +  a(l)]/>/2 

a.  “  a(0),  («  h,  V,  w).  (.37) 

Because,  only  in  rectangular  coordinate  system,  the  ro¬ 
tation  transformation  matrix  for  a  rank  one  tertsor  is  a  real 
orthogonal  matrix. 

There  are  other  algorithms  which  use  moments  for  2-D 
and  3-D  object  positioning.  The  position  and  orientation  m 
of  a  2-D  image  can  be  determined  from  the  first-  and  the  I 
second-order  moments  of  the  image.  The  eigenvectors  of  * 
the  secoad:moment  matrix  are  principal  axes.  The  orien¬ 
tation  of  the  2-D  image  is  defined  to  be  the  orientation  of 
the  principal  axis  of  the  least  inertia  which  is  also  known 
as  axis  of  elongation  [9].  The  2-D  rotation  that  rotates  one 
image  to  the  other  is  easily  determined  by  measuring  the 
angle  between  the  elongation  axes  of  these  two  images. 
This  approach  can  be  generalized  to  find  3-D  motion  pa¬ 
rameters.  An  algorithm  for  3-D  orientation  estimation 
using  principal  axes  is  discussed  in  the  rest  of  this  section. 
The  basic  assumption  is  that  the  3-D  coordinates  of  a  set 
of  feature  points  on  a  rigid  body  are  known  at  two  frames. 
Moments  are  derived  from  the  3-D  data  of  these  feature 
points.  The  parameters  in  the  roution  matrix  can  be  re¬ 
covered  from  these  moments.  Let  Q\  and  Qi  be  the  ma¬ 
trices  of  the  second-order  central  moments  in  the  first  and 
second  frames,  respectively. 


Q, 


M{i)M 


"('I,,, 

"('Uj 


1.2. 


I 

1 

I 

I 

I 

I 


The  second-order  moments  in  the  matrix  are  calculated  by 
(1),  where  the  density  function  is  a  sum  of  delta  functions 
located  at  each  feature  point.  The  origin  of  the  coordinate 
system  is  at  the  centroid  of  the  density  function.  From  ( 1) 
and  (8),  the  following  relation  between  Q\  and  Qi  can  be 
obtained 


(38)  I 

I 


(2:  =  RQxR^^ 


(39) 


I 


The  real  symmetric  moment  matnccs  can  be  decomposed 
as 


Q^  =  AKaJ, 


I 

<^)| 


where  A  and  A'  are  the  diagonal  eigenvalue  matrices  of 
Qi  and  Qi,  respectively.  A  and  B  are  orthogonal  matrices 
whose  column  vectors  arc  the  corresponding  eigenvectors 
of  A  and  A',  respectively.  In  the  noise  free  case.  Qi  and 
Q2  have  common  eigenvalues,  so  A  =  A'.  The  eigenval¬ 
ues  are  determined  by  the  following  charactenstic  equa¬ 
tion: 


I 

I 


f{\)  =  X’  -  y,x-  -I-  y,x  -  y, 


H) 
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where  J\,  are  the  second-order  moment  invariants 
given  in  (23).  The  rotation  matrix  R  is  determined  from 
the  correlation  of  the  principal  axes  in  the  two  frames. 


2  bjoj 


where  Oj  and  h,  are  eigenvectors  of  (2i  and  Qj.  respec¬ 
tively.  Owing  to  the  uncertainties  in  the  signs  of  the  col¬ 
umn  vectors  in  B,  four  possible  rotation  matrices  can  be 
constructed.  Traditionally,  in  the  2-D  case,  the  “two  way 
ambiguity"  of  principal  axes  is  solved  by  computing  the 
values  of  higher  order  moments  [7],  (9].  We  shall  also 
use  the  values  of  higher  order  moment  forms  to  select  the 
correct  rotation  matrix.  Our  procedure  is  given  in  the  fol¬ 
lowing.  The  third-order  moments  of  the  feature  sets  are 
first  calculated.  The  Cartesian  coordinates  of  the  vector 
form  b  is*  then  constructed  from  the  third-order  moments 
using  (26)  and  (37).  The  vector  b  is  the  same  one  used  in 
(34)  and  (36).  Let  b  and  b'  be  the  values  of  the  vector 
form  b  evaluated  in  the  first  and  the  second  frames,  re¬ 
spectively.  b  is  transformed  by  the  four  rotation  matrices. 
The  transformed  vectors  are  matched  with  the  vector  b' 
to  determine  the  correct  rotation  matrix.  Even  if  the  data 
are  noisy,  this  algorithm  can  still  choose  the  rotation  ma¬ 
trix  which  is  the  closest  to  the  conect  one. 

We  must  point  out  that  the  principal  axes  algorithm  is 
quite  similar  to  the  one  which  is  recently  proposed  by  Lin 
etal.  [12].  Equations  (39)-(42)  all  appeared  in  [12],  even 
though  the  terms  of  moments,  moment  invariants  and 
principal  axes  are  never  mentioned  in  their  paper.  More¬ 
over,  in  [12],  the  correct  roution  matrix  cannot  be  deter¬ 
mined,  until  the  exact  point  correspondences  of  the  fea¬ 
ture  set  have  been  established.  In  their  approach,  each 
feature  point  in  the  first  frame  has  to  be  transformed  by 
four  possible  routions.  Heuristic  searching  and  matching 
between  these  transformed  points  and  the  feature  points 
in  the  second  frame  will  discover  the  point  correspon¬ 
dence.  Our  algorithm  can  save  a  lot  of  computing  efort, 
especially  when  large  number  of  feature  points  are  used. 
The  computer  simulation  results  in  [12]  indicate  that  the 
algorithm  may  not  correctly  predict  the  motion  parame¬ 
ters  when  noise  is  strongly  present  in  the  data.  In  this 
case,  this  algorithn;  can  still  be  used  to  determine  feature 
point  correspondences  [12].  The  rotation  and  translation 
parameters  will  be  those  that  minimize 


Min  2j  +  t  -  x,'l|. 

The  solution  of  the  minimization  problem  can  be  found  in 
[6],  [17]. 

If  only  small  amount  of  noise  is  present  in  the  data,  the 
orthogonal  matrices  A,  B,  and  R  can  all  be  calculated  by 
the  perturbation  method  [13].  Let  (i  =  1,  2).  be 
the  central  moment  matnx  of  the  noisy  feature  points  in 
the  ith  frame.  The  (J,  can  be  represented  by  Ci  + 
where  2,  is  the  second-order  central  moment  matrix  when 
the  noise  is  absent  from  the  ith  frame,  and  V,  is  the  sym¬ 


metric  perturbation  matrix  due  to  noise.  The  matrix  ele¬ 
ments  of  V,  are  small.  The  eigenvectors  of  C,  can  be  cal¬ 
culated  from  the  eigenvectors  of  Qi  by  the  perturbation 
formula  [13] 


*•1  A|,  —  A|i 


Oi  *  A^i,  a, 


hzi  —  hu 

i.  it -1,2,  3  (43) 

where  0(,  b,,  <J,,  and  5,  are  eigenvectors  of  (2i,  (2:,  C2i. 
and  Qi,  respectively.  Ny  and  N^i  are  the  normalization 
constants  of  the  corresponding  eigenvectors.  We  can  ex¬ 
press  the  rotation  matrix  R  in  terms  of  the  matrix  R  which 
is  calculated  from  (42)  by  substituting  for  a,  and  6,  for 
bi  in  that  equation,  and  the  outer  products  of  eigenvectors 
6i  and  d,-. 

K-s-h  E  (J^)s,ir 

I-l  \  X2<  -  An/ 


-22 


d[y,a, 


/"i  \  Xu  —  Xj* 


5,d[  +  •  •  •  ,  (44) 


the  omitted  terms  are  higher  order  terms  of 
(dfJ')<lj)/(Xu  -  Xu)  and  (5fl'j^^()/(XTi  *”  X^).  It  is 
known  that,  in  the  nondcgencrate  perturbation  theory,  the 
diagonal  matrix  element  of  Vi  is' the  first-order  correction 
to  the  eigenvalue.  For  example,  Sj y^Si  *  X^  -  X(,  where 
Xjj  and  X,  are  the  ith  eigenvalues  of  and  Cj,  respec¬ 
tively  [13].  These  eigenvalues  are  moment  invariants  de¬ 
termined  from  (41),  where  Ji,  Jj,  ij  arc  evaluated  using 
both  noisy  and  noise-free  data.  On  the  other  hand,  the  off 
diagonal  elements  and  are  not  related  to  the 
moment  invariants.  Note  that  {dlVidt) /(%.»  -  Xu)  and 
-  hk)  the  first-order  approximations 
of  the  scalar  products  of  unit  vectors  a,-,  d^  and  b,,  6^  (i 
*  k).  Therefore,  their  magnitudes  should  be  less  than 
one.  If  noise  model  is  available  and  the  perturbation  ma¬ 
trix  elements  can  be  estimated,  we  can  use  (44)  to  esti¬ 
mate  the  rotation  matrix  R.  The  denominators  of 
*■'  j^u)and(^fl^2^()/(X2,  -  X:*)  are  pre¬ 
dominantly  determined  by  the  geometric  distribution  of 
the  feature  points  on  the  object.  It  is  obvious  that  the  noise 
contamination  effect  is  highly  suppressed  if  the  eigenval¬ 
ues  arc  very  distinct  from  each  other.  Following  this  per¬ 
turbative  approach,  we  can  use  the  second-order  moment 
invariants  to  predict  the  performance  of  this  algorithm 
when  the  numerical  roundoff  effect  and  perturbative  noise 
are  present  in  the  data. 

V.  Computer  Simulation  and  Numerical  Results 

We  have  implemented  our  algorithm  of  deriving  var¬ 
ious  3-D  moment  forms  in  Fortran  77.  The  invariance  of 
the  3-D  moment  invariants  has  been  confirmed  expen- 
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menUlly.  A  rectangular  solid  was  used  in  the  experiment. 
It  was  routed  to  various  orienutions,  with  one  of  its  cor¬ 
ner  fixed  at  the  origm  of  the  coordinate  system.  At  each 
orienution,  we  calculned  the  second-  and  the  third-order 
moment  invarianu  andlhe  vectors  b,  v,  and  w.  In  order 
to  reduce  the  dau  storage  and  incieasing  the  processing 
speed,  the  moments  were  calculated  using  a  set  of  feature 
points.  In  general,  the  contours,  comers  and  vertices  are 
the  choices  of  feature  sets.  The  only  restriction  on  the 
selection  of  feauire  sets  is  that  they  preserve  the  essential 
geometric  information  of  the  object.  We  chose  the  comers 
of  the  recungular  solid  as  the  feature  set  and  expressed 
the  density  function  as  a  sum  of  delu  functions.  The  mo¬ 
ment  invariants  calculated  at  various  orienutions  agreed 
exactly  with  each  other.  This  checked  our  equations  for 
moment  invariants.  A  similar  experiment  using  pyramid 
was  also  done  and  the  result  also  confirmed  the  theory. 
The  roution  matrix  was  then  recovered  by  using  (33), 
where  the  three  vectors  b,  v,  w  were  evaluated  at  two 
different  orienutions  of  the  object.  The  calculated  matrix . 
elements  agreed,  in  the  first  three  decimal  places,  with 
those  in  the  orthogonal  matrix  used  to  rotate  the  geometric 
object  to  the  new  orienution. 

The  impact  of  digitizing  errors  to  the  moment  invari¬ 
ants  was  experimentally  studied  in  both  fine  and  coarse 
sampling  cases.  In  case  A,  the  rectangular  solid  was  sam¬ 
pled  into  30  X  45  X  75  volume  pixels.  In  case  B,  the 
same  solid  was  sampled  into  6  x  9  x  15  volume  pixels. 
Each  comer  point  was  first  rotated  by  the  orthogonal  ma¬ 
trix  to  its  new  position,  and  then  rounded  to  the  nearest 
volume  pixel.  These  pixel  values  were  used  to  calculate 
the  moment  invariants.  The  invariants  exhibited  small 
variations  at  different  orientations.  Using  large  number  of 
dau,  we  obuined  the  means  and  sundard  deviations  of 
those  Similitude-Euclidean  moment  invariants.  Their  val¬ 
ues  are  given  in  Table  I.  The  moment  invariants  were  also 
calculated  from  the  discrete  daU  of  a  pyramid  with  the 
same  two  resolutions.  Case  C  was  for  the  better  resolu¬ 
tion,  and  case  D  was  for  the  poor  resolution.  The  sutis- 
tical  parameters  of  moment  invariants  in  both  cases  were 
calculated  and  given  in  Table  II.  Note  that  different  mo¬ 
ment  invariants  may  have  different  order  of  magnitude. 
Therefore,  they  should  be  normalized  by  their  sample 
variance  before  they  arc  used  to  construct  feature  space. 
The  results  in  the  Ubles  indicate  that  the  variances  have 
weak  dependence  on  the  shape  of  the  geometric  objects. 
The  quadratic  moment  invariants  are  less  sensitive  to  dig¬ 
itizing  noise.  On  the  other  hand,  the  cubic  and  quattic 
moment  invariants  have  relatively  large  standard  devia¬ 
tions  in  coarse  sampling.  Nevertheless,  we  can  see  from 
our  experiment  results  that  the  digitizing  noise  does  not 
significantly  reduce  the  discriminating  power  of  the  mo¬ 
ment  invariant  features. 

The  effect  of  digitizing  noise  to  the  tensor  algorithm  for 
motion  estimation  was  experimentally  studied.  Theirect- 
angular  solid  were  sampled  as  in  case  A  and  case  B  The 
vectors  b,  v,  w  were  calculated  at  various  orientations  in 
each  case.  The  transformation  matrix  was  calculated  by 
(33).  After  performing  a  large  number  experiments,  we 
found  that,  the  weak  digitizing  noise  of  fine  sampling  only 
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Means  and  Standaed  Deviations  of  Moment  Invaeiants  Evaluated 
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produced  0.3-0.8  percent  error  to  each  vector  component: 
and  the  strong  digitizing  noise  of  coarse  .sampling  pro¬ 
duced  1-3  percent  error  to  each  vector  component.  The 
calculated  transformation  matrices  using  data  of  high  res¬ 
olution  were  only  approximately  orthogonal,  and  each 
matrix  element  had  approximately  10  percent  error  from 
the  exact  value.  On  the  other  hand,  the  calculated  trans¬ 
formation  matrices  using  coarsely  sampled  data  were  very 
different  from  correct  ones.  Our  finding  seems  to  be  con¬ 
tradictory  to  the  resulu  of  [5].  where  they  claimed  that  no 
significant  numerical  roundoff  effect  had  been  observed. 
The  explanation  of  this  discrepancy  may  be  that  they  used 
the  whole  binary  image,  not  a  few  feature  points,  to  cal¬ 
culate  the  moments.  Moreover,  the  resolution  of  their  dig¬ 
ital  image  might  be  fine,  so  the  oigitizing  errors  were  not 
significant. 

The  empirical  study  on  the  noise  sensitivity  in  pnncipal 
axes  algonthm  for  orientation  estimation  is  given  as  lol- 
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lows.  Twenty  feature  points  were  randomly  chosen  on  the 
surfaces  which  are  described  by  the  parametric  equations 

.X  =  a  cos  ^  sin  6, 

y  b  sin  sin  <?. 

z  =s  c  cos  6.  (45) 

Four  sets  of  values  were  given  to  the  parameters  a,  b,  c. 
In  case  E,  a  =  5,  I?  =  17,  c  =  32,  the  object  is  an  el¬ 
lipsoid.  In  case  a  =  b  -  c  =  10,  the  object  is  a  sphere. 
In  case  G,  a  =  b  *  5,  c  =  32,  the  object  has  a  shape  of 
a  cigar.  In  case  H,  a  -  5,  b  =  c  -  20.  the  object  hks  a 
shape  of  a  plate.  In  each  run,  the  feature  points  on  the 
four  surfaces  were  determined  by  the  twenty  pairs  of  polar 
angles  (,<!>,  8)  which  were  randomly  generated.  The  zero 
mean  and  unit  variance  Gaussian  noise  was  added  to  the 
first  and  the  second  frames.  The  moment  matrices  were 
calculated  in  both  frames.  The  rotation  matrices  of  the.se 
four  objects  were  computed  using  (40)  and  (42).  This  ex¬ 
periment  was  repeated  many  times,  and  the  results  of 
every  run  were  at  least  in  gross  agreement  with  the  theo¬ 
retical  prediction.  We  present,  as  a  representative,  the  ei¬ 
genvalues  and  the  estimated  rotation  matrices  of  one  ex¬ 
periment  run.  The  estimated  rotation  matrices  are  given 
in  (46),  and  the  eigenvalues  are  given  in  Table  III. 

Case  E  (ellipsoid) 


■ -0.618 

0.186 

0.764' 

0.533 

-0.615 

0.581 

.• 

0.577 

0.767 

0.281. 

Case  F  (sphere) 

'  -0.664 

0.147 

0.733' 

0.589 

-0.500 

0.635 

0.460 

0.853 

0.246. 

Case  G  (cigar) 

■ -0.601 

-0.217 

0.769' 

0.798 

-0.229 

0.558 

0.005 

0.949 

0.311. 

Case  H  (plate) 

■  -0.624 

0.200 

0.755' 

0.547 

-0.578 

0.606 

0.558 

0.791 

0.251. 

The  correct  rotation  matrix 

"  -0.622 

0.143 

0.769' 

0.548 

-0.622 

0.559 

0.559 

0.769 

0.309 

Note  that,  in  each  frame,  the  feature  points  on  the  "ci¬ 
gar’*  have  two  "almost  degenerate"  eigenvalues  of  the 
moment  matrix.  The  third  eigenvalue  is  much  larger  than 
these  two.  The  two  terms  with  small  denominators  which 
are  the  differences  of  these  "almost  degenerate"  eigen- 


TABLE  in 

The  Eigenvalues  (X,.  X,,  X,)  of  the  Second-Order  Moment 
Matrices  Calculated  Using  3-D  Data  of  Feature  Points  on  Various 
Surfaces  in  Either  of  the  Two  Frames.  E-1  Represents  the  Feature 
’  Set  on  the  Ellipsoid  (Case  E)  in  the  First  Frame.  G-2  Rfprfsents 

Tint  FtlATlIRn  SPTONTIIR  ClCIAN  SlIACtt  .SlIRrAUR  (CaSR  UI  IN  MU'  .SI'IIIMII 

Frame.  Etc. 
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S88.78 

1198.9$ 
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19.17 

188.68 
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10013.37 
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1488.36 

3908.46 

H-t 

137.73 

1421.48 

3980.81 

values  dominate  (44).  These  two  terms  strongly  enhanced 
the  noise  effect,  and  the  estimated  rotation  matrix  deviates 
very  much  from  the  correct  one.  We  also  found  that  the 
randomly  generated  feature  points  on  the  ellipsoid  whose 
three  axes  are  all  different,  often  have  very  nondegenerate 
geometric  distribution. 

VI.  CoNCLUDiNo  Remarks 

In  this  paper,  a  general  theory  of  3-D  moment  invar¬ 
iants  is  proposed.  The  application  of  3-D  moment  method 
to  motion  estimation  is  also  discusF*id.  The  complex  mo¬ 
ments  are  defined.  They  are  grouped  into  multiplets,  such 
that  each  multiplet  of  complex  moments  transforms  irre- 
ducibly  under  3-D  rotations.  Using  the  group-theoretic 
technique,  various  3-D  moment  invariants  can  be  con¬ 
structed  from  the  irreducible  complex  moment  multiplets. 
The  moment  invariants  have  the  capability  of  classifying 
and  identifying  3-D  objects  irrespective  of  the  frame  of 
reference.  A  set  of  the  second  order  and  third-order  mo¬ 
ment  invariants  are  explicitly  derived  in  the  paper.  These 
invariant  features  have  good  discriminating  power  for  ma¬ 
chine  identification  of  3-D  objects  or  CAT  images  using 
statistical  pattern  recognition  method.  Vectors  which  con¬ 
sist  of  the  third  order  moments  can  be  similarly  derived 
from  complex  moments.  The  vector  form  can  be  used  to 
remove  the  two-way  ambiguity  in  defining  the  direction 
of  the  principal  axis,  so  that  the  rotation  matrix  can  be 
unambiguously  determined  from  the  relative  orientation 
of  the  principal  axes  of  the  original  and  rotated  frames. 
Moreover,  based  on  a  perturbation  formula,  we  have 
shown  that  the  second-order  moment  invariants  can  be 
used  to  predict  whether  the  estimation  using  noisy  data  is 
reliable  or  not.  The  new  derivation  of  vector  forms  also 
facilitates  the  calculation  of  motion  estimation  in  tensor 
approach. 

Appendix  A 

A  brief  summary  of  the  symmetry  properties  of  the  vec¬ 
tor  coupling  coefficients  which  have  been  used  in  the  pa¬ 
per  are  given  below. 
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Other  symmetry  relations,  and  the  recursive  relations  for 
evaluation  of  vector  coupling  coefficients  can  be  found  in 

Appendix  B 

The  third-order  complex  moment  forms  which  are  rel¬ 
evant  to  the  construction  of  quartic  moment  invariants  are 
given  below. 
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Vector  forms  which  arc  derived  from  the  second-  and 
'third-order  complex  moments  are  given  below, 
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1  Introduction 


Laser  speckle  photography  is  an  ideal  technique  in  experimental  stress  analysis.  It  is 
noncontact,  nondestructive  and  remote  sensing;  has  a  high  sensitivity;  reveals  whole- 
field  deformation;  is  applicable  to  static  as  well  as  dynamic,  2-D  as  well  as  3-D 
problems.  Its  basic  process  consists  of  image  recording,  film  development  and  fringe 
pattern  analysis.  A  more  straightforward  approach  for  deformation  measurement  is 
the  digital  speckle  correlation  approach.  This  technique  keeps  all  the  advantages 
of  the  conventional  speckle  photography  but  requires  neither  photograph  development 
nor  fringe  pattern  analysis.  It  was  first  created  for  displacement  searching  of  specimen 
surface  and  later  on  well  developed  in  the  measurement  of  both  displacement 
components  and  displacement  gradients.  It  has  been  employed  not  only  in 
optical  speckle  method  but  also  in  acoustical  speckle  method,  *  with  applications 
found  both  in  solid  mechanical  and  fluid  mechanical  problems. 

However,  unlike  the  conventional  speckle  photography  in  which  the  frame  resolu¬ 
tion  of  recording  film  is  generally  abundant,  the  digital  resolution  of  a  video  camera 
is  limited.  Although  a  finer  sampling  of  the  speckle  patterns  will  result  in  a  higher 
matching  coefficient  in  the  correlation  evaluation,  but  the  measured  real  area  will 
be  reduced  for  a  given  video  camera.  Experience  of  previous  researches  show  that 
the  results  obtained  from  laser  speckle  method  are  not  as  satisfactory  as  those  Lrom 
white-light  speckle  method.  *  This  observation  is  explained  by  the  insufficient  sam¬ 
pling  of  the  small  speckles  and  by  the  easy  decorrelation  of  the  laser  speckles  during 
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the  surface  deformatioa.  Our  pioneer  experiments  also  revealed  that  unimodal  result 
was  easily  achieved  in  the  two-dimensional  searching  of  the  displacement  components, 
but  not  in  the  six- dimensional  searching  of  both  the  displacement  components  and 
the  displacement  gradients.  ^  Therefore  high  quality  images  are  required  to  achieve 
accurate  displacement  gradients  even  in  the  white-light  speckle  method.  Moreover, 
the  six-parameter  searching  correlation  is  a  time  consuming  process.  Several  improved 
numerical  approaches  have  been  developed  to  reduce  the  computation.  Effects 
of  subpixel  image  restoration  on  digital  correlation  error  in  the  white-light  speckle 
method  have  also  been  estimated. 

As  known,  laser  speckle  method  has  its  own  advantage  over  w’-ite-light  speckle 
approach  because  of  the  unnecessary  of  surface  treatment.  In  this  paper,  we  explore 
the  utilization  of  the  displacement-only  correlation  using  laser  speckles.  A  statistical 
investigation  of  subjective  speckle  patterns  is  performed  with  emphasis  on  spectral 
analysis.  Results  show  that  the  spectral  distribution  of  a  laser  speckle  pattern,  which 
determines  the  sampling  resolution  requirement,  is  controlled  by  the  optical  imaging 
magnification  and  the  lens-aperture  o'' the  recording  system.  A  theoretical  lower-limit 
of  sampling  resolution  is  obtained  using  the  Shannon  sampling  theorem,  in  which  both 
the  speckle  intensity  is  sufficiently  registered  and  the  maximum  measurement  capa¬ 
bility  of  the  equipment  is  employed.  Capabilities  of  measurement  such  as  accuracy 
of  displacement  components,  upper  limits  of  measurable  area  and  measurable  defor¬ 
mation  are  discussed.  A  method  of  changing  the  measurement  capabilities  is  also 
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given  by  adjustment  of  the  recording  optical  arrangement.  Experimental  data  from 
practical  speckle  patterns  using  the  normalized  product  (Nprod)  correlation  metric  is 
given  to  verify  the  results.  Experiments  show  that  the  displacement-only  correlation 
using  laser  speckles  is  a  reliable  measurement  as  long  as  the  optical  imaging  system 
is  properly  arranged  and  the  sampling  resolution  requirement  is  satisfied.  Computing 
time  is  significantly  reduced  since  a  two-parameter  searching  process  is  employed  in¬ 
stead  of  a  six-parameter  searching.  Though  not  directly  obtained  from  the  correlation 
process,  the  necessary  strain  and  rotation  components  can  be  obtained  by  numerical 
derivation  of  the  resulted  displacement  components. 


2  Displacement-only  digit€d  speckle  correlation 

The  system  used  in  the  data  acquisition  and  image  processing  is  shown  in  Fig.l, 
which  consists  of  a  TV  camera,  an  A/D  converter,  a  camera  controller,  and  a  micro¬ 
computer.  The  object  surface  is  illuminated  by  a  collimated  laser  beam.  The  image 
of  the  object  is  captured  by  a  video  camera  with  flexible  &ame  resolutions  of  256  x 
256,  512  X  512  or  1024  x  1024  pixels.  The  light  intensity  of  the  speckle  pattern  is 
digitized  by  the  analog-to-digital  converter  (ADC)  and  then  transmitted  to  the  VAX- 
11/730  computer  through  an  8-bit  I/O  port  vrith  discrete  intensity  of  256  levels. 
The  computer  controls  the  data  acquisition  system,  stores  the  digitized  image  data, 
performs  the  correlation  calculations,  and  interfaces  with  the  graphic  peripherals  for 
displaying  the  results. 
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In  the  speckle  correlation  process,  two  images  of  the  interested  object  are  reg¬ 
istered  by  the  data  acquisition  system,  one  before  and  another  after  the  specimen 
deformation.  The  digital  correlation  is  then  performed  by  relating  the  deformed  im¬ 
age  with  the  undeformed  one.  Consider  a  small  subset  of  the  digital  image  centered 
at  Poixo^ya)  on  the  undeformed  image,  as  shown  in  Fig.2.  During  the  deformation, 
the  subset  center  moves  to  a  new  point 


PoiK^yl)  =  ■Po(®o  +  u,yo  +  v), 


(1) 


and  the  subset  deforms.  If  the  subset  is  small,  one  may  assume  that  straight  lines  on 
the  undeformed  subset  remain  straight  after  deformation.  A  linear  mapping  technique 
can  be  applied  to  the  relationship  between  the  two  subsets.  Thus,  an  arbitrary  point 
P(z,y)  on  the  undefotmed  subimage  moves  to  a  new  point 

P(i,y)  =  P{i  +  u+  ^6x  +  +  V  +  ^Sx  +  — 5y  j  ,  (2) 

where  (z,y)  are  coordinates  on  the  undeformed  image  and  (z*,y*)  are  coordinates  on 
the  deformed  image,  (u,  v)  are  displacement  components  of  the  subimage  center  and 


^y  =  y  -*  yo, 

are  distant  components  from  the  subimage  center  Po(zo,yo)  to  the  arbitrary  point 
P(z,y).  Iterative  searching  of  all  the  displacement  components  (u,v)  and  the  dis¬ 
placement  gradients  (|j,  |j,  yields  the  six-parameter  correlation  process.*"® 

If  both  the  displacement  gradients  and  the  subset  size  are  small,  one  may  further 
assume  that  all  points  on  the  subimage  undergo  the  same  displacement  during  the 
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deformation.  Thus,  an  arbitrary  point  P(«,y)  on  the  undeformed  subimage  moves  to 
a  new  location  of 

y*)  =  P(x  +  u,  y  +  v).  (4) 


Searching  of  the  two  displacement  components  (u,v)  yields  the  process  of  the  two- 
parameter  correlation,  or  displacement-only  correlation. 

The  correlation  algorithm  used  is  the  normalized  product  (Nprod)  metric  which 
is  more  noise  resistant  than  many  other  existing  app roaches. This  metric  is  defined 
as 


Nprod{u,v) 


E^gt(g.v)ga(g*.y*) 


(5) 


where 


X*  =  I  +  u 

y*  =  y  +  V, 


yi(z,y)  denotes  the  undeformed  subimage,  yj{x*,y*)  denotes  the  deformed  subimage 
and  A  denotes  the  subimage  region.  By  varying  the  values  of  u  and  v  in  (5),  those 
values  that  maximize  the  Nprod  are  found  to  be  the  local  displacement  components 
of  the  subimage. 


6 


3  Statistical  analysis  of  subjective  laser  speckle 


3.1  Image  formation 

Fig.3  shows  the  optical  airangement  of  the  subjective  laser  speckle  recording  system. 
A  collimated  laser  beam  illuminates  the  object  plane  (a,/3).  The  speckle  field  of  the 
object  is  recorded  by  the  recording  lens  at  a  distance  p  {—  00')  from  the  object 
surface  and  registered  onto  the  camera  sensor  in  the  observation  plane  (z,y)  at  a 
distance  q  {-  O'O")  behind  the  lens.  Plane  (x,y)  is  the  conjugate  of  plane  (a,/3) 
in  the  imaging  system.  The  image  at  the  observation  plane  is  captured  twice  by  the 
cor  camera  with  the  specimen  deformed  between  exposures. 

Denoting  the  random  light  intensity  distribution  on  the  surface  of  the  specimen 
(i.e.,  the  objective  speckle  pattern)  by  we  can  express  the  complex  amplitude 

of  the  objective  speckle  field  as 

f{a,0)  =  (7) 


The  point-spread  function  of  the  optical  system,  which  is  the  response  of  a  point 
source  at  0(0, 0)  on  the  object  plane,  is 

where  is  a  volume-normalized  pupil  function  of  the  recording  lens-aperture 

defined  by^®”^^ 
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when 


(9) 


0,  elsewhere, 
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with  D  the  diameter  of  the  lens-aperture.  Let 


and 


l(;  +  |)=rcos9 

A  (5 +  5) 


(10) 


^  =  p  cos  <f> 
rj  =  psin^, 


(11) 


we  achieve  the  integral  in  eq  (8)  as 

y)  =  /o^/o  '  «p(-j2ffpr  cos(^  -  e)]pd(iKip 

=  2ir  /o*  pJo{2irpr)dp 
-  mniM 

wDf  ~’ 


(12) 


Thereafter  the  point-spread  function  of  the  imaging  system  becomes  (Fig.4) 


(13) 


where  Jx{)  is  the  first  order  Bessel  function  of  the  first  kind. 

Theoretically,  the  abcrrationless  image  of  the  objective  speckle  field,  which  would 
be  recorded  using  an  infinite  lens-aperture,  is  in  a  form  of  /t(*,y)  =  iffi/  ""m)* 
where  M  (=  q/p)  is  the  magnification  factor  of  the  recording  system.  The  complex 
amplitude  of  the  subjective  speckle  pattern,  which  is  recorded  by  the  practical  finite 
lens-aperture,  can  be  obtained  by  convolving  the  point-spread  function  with  the  the¬ 
oretical  aberrationless  image,  i.e.. 


8 


/i(*.y)  -aJ, //-•/(  ?f) 


2J, 


rr+oo  t,  .>-.i?V(*+W«)*+(y+M/J)’|  , 


(14) 


Thereby  the  light  inteasity  of  the  subjective  luser  speckle  puttem  is 

g{x,y)  -C|/i(i,y)l* 


iJi 


tafM) 


whore  C  is  a  constant. 


(15) 


3.2  Spectral  analysis 

Neglecting  the  constant  C,  eq  (15)  is  rewritten  as 

y(®.y)  =  /<(*.  y)/*(*.y)>  (16) 

« 

where  /*(x,y)  is  the  conjugate  of  the  complex  amplitude  field  /i(x,y).  Let  Fi(w,,u>y) 
be  the  spectrum  of  the  complex  amplitvtde  of  the  objective  speckle  field.  From  the 
Fourier  transform  property  we  obtain  the  spectrum  of  the  subjective  speckle 
pattern 

G(w„Wy)  =  Fi(u;„u;y)  ®  F*{-w„  -Wy),  (17) 

where  Fi(u/,,uiy)  is  the  Fourier  transform  of  /i(x,y),  *  denotes  complex  conjugate  and 
0  denotes  convolution.  In  regard  of  the  fact  that  eq  (14)  is  equivalent  to 

/.(x.y)  =  (18) 
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we  obtain  the  spectrum  of  the  complex  amplitude  field  u 

where  denotes  the  spectrum  of  the  point-spread  function  which  u  geowet 

ricaliy  similar  to  the  lens-aperture  of  the  recording  system,  i.e., 

1.  when  <  D/(2Xq) 

(20) 

0,  elsewhere. 

Substituting  eq  (19)  into  eq  (17),  the  spectrum  of  the  subjective  speckle  patterm 
becomes 

G(u»„u)^)  =  (/‘(-A/w„-A/u/^)'/f'(u>„Wy)|0{f*(<Vfu;„4W‘w^).^*(-w„-u;,)|.  (21) 

In  practice,  the  cutoff  frequency  of  a  typical  optically  rough  surface  is  much  larger 
than  D/(2Xq).  A  good  simplification  can  be  made  by  taking  the  amplitude  profile 
of  F(Afw,,  iVwy)  as  a  constant  (=unity)  for 

<  D/{2Xq).  (22) 

Therefore,  the  amplitude  profile  of  the  spectrum  of  the  subjective  speckle  field  is 

0  -u/y),  (23) 

or 

Wy)  =  ^(u>„U/y)  0  /f(ci/„Wy),  (24) 


/f(w„u/y)  = 


since  ^f(u;„Wy)  is  a  real  and  symmetric  function.  Substituting  eq  (20)  into  eq  (24), 
one  obtains  the  amplitude  profile  of  the  spectrum  of  the  subjective  speckle  pattern 


&s 


G(u;g^u/„)  =  < 


p*. 

i  2A»,? 


cos 


0, 


elsewhere, 
(25)  . 

where  fl  =  D/{Xq)  :s  the  maximum  radius  of  the  spectrum  as  shown  in  Fig.5.  It  is 
seen  that  the  spectrum  of  the  subjective  image  vanishes  outside  a  circular  region  of 


\J^l + <^l  =  n. 


(26) 


From  eq  (23),  the  intensity  of  a  typical  subjective  speckle  is 


5o{®,y)  = 


(27) 


where  h{x,y)  is  the  point-spread  function  of  the  optical  system.  Substituting  eq  (13) 
into  eq  (27),  one  obtains  the  intensity  distribution  of  a  typical  subjective  speckle 
(Fig.6) 


I 


(28) 


From  Fig.6  it  is  seen  that  the  radius  of  the  first  zero  crossing,  which  is  usually  refered 
to  as  the  typical  speckle  size, '  is 


5  =  1.22 


D' 


(29) 
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4  Optimal  sampling  resolution  of  laser  speckle 


4.1  Theoretical  analysis 

Rec&il  the  fact  that  the  spectrum  of  the  subjective  laser  speckie  vanishes  over  all  but 


a  bounded  region  of 


From  the  Shannon  Sampling  theorem,  the  original  unsampled  subjective  speckle 
pattern  can  be  exactly  reconstructed  from  its  sampled  values  taken  over  a  lattice  of 
points  {mTfiiT)  by  the  following  interpolation 


ns-oo 


provided  that  the  sampling  interval  is  sufficiently  small.  Wherein  g,{mT,nT)  is  the 


saimpled  speckle  pattern  and 


6(x,y)  = 


(f-s/i*  +  y*) 


is  the  theoretical  reconstruction  function  (Fig.7). 

The  uppet*Umit  of  the  sampling  interval  T,  which  is  refered  to  as  Nyquist  sam¬ 
pling  interval,  is  determined  by  the  spectral  distribution  of  the  speckle  pattern.  From 
the  Fourier  transform  property,  the  spectrum  of  the  sampled  image  is  a  periodic 
replication  of  the  spectrum  of  the  original  image,  i.e.. 


m  n 

G,(Wi,Wy)  =  *• 

rr.s-co  r>=s-»OP  ^ 
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where  (?,(a;„u;y)  is  the  spectrum  of  the  sampled  speckle  pattern  and  C?(w*,Wy)  is  the 
spectrum  of  the  analog  (unsampled)  speckle  pattern  (see  Fig, 8).  It  is  easy  to  prove 
that  the  spectrum  of  the  reconstruction  function  b{x,y)  is  a  circtilar  pupil  function 
given  by  (Fig.9) 


when  <  1/{2T) 

0,  elsewhere. 


(34) 


Fig.8  shows  the  amplitude  profile  of  the  spectrum  oi  a  sampled  speckle  pattern  and 
Fig.9  shows  the  spectrum  of  the  theoretical  reconstruction  function. 

From  eq  (31)  it  is  seen  that  the  reconstructed  image  is  a  convolution  of  the 
reconstruction  function  with  the  sampled  image  5#(mr,nr).  Therefore,  the  spec* 
trum  of  the  reconstructed  image  is  equivalent  to  the  product  of  the  spectrum  of  the 
reconstruction  function  with  the  spectrum  of  the  sampled  image,  i.e., 


+0O  +09 

<?k(w.,Wy)  =:  B(w„Wy)  53  53 


m 


(35) 


where  (?s(u;«,u;y)  is  the  spectrum  of  the  reconstructed  image  and  S(ct;a,u;y)  is  the 
spectrum  of  the  reconstruction  function.  From  Fig.8  and  Fig.9,  it  is  evident  that  if 


r-»  >  20,  (36) 

then  aliasing  problem  will  not  occur  in  the  spectral  domain  of  the  reconstructed  image. 
Hence  the  original  speckle  pattern  can  be  faithfully  reconstructed.  Recalling  0  = 
D/{\q),  we  obtain  the  theoretical  lower-limit  sampling  resolution  of  the  subjective 
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speckle  p&ttem 


T  =A,/{2i>) 

=  0.415, 

where  5  is  the  conventional  speckle  size  defined  in  eq  (29). 


4.2  Experimental  verification 


In  the  experimental  verification  of  the  optimal  sampling  resolution,  a  rigid  translation 
of  200  /im  of  a  aluminum  plate  was  tested.  An  area  of  8.5  x  8.5  mm*  was  recorded 
by  a  micro-lens  of  /  =s  90  mm  at  magnification  of  Af  »  1.18  and  aperture  number  of 
ss  22.  The  tj’pical  speckle  size  was  5  =  37.0  fim.  The  subjective  speckle  patterns 
were  digitized  by  frame  resolutions  of  1024  x  1024,  512  x  512,  256  x  256  and  128  x  128 
pixels  with  real  pixel  intervals  of  T  =  0.2645,  T  =  0.5285,  T  =  1.065  and  T  =  2.115, 
respectively.  The  dimension  of  the  selected  subimage  from  the  undeformed  speckle 
pattern  was  15  x  15  elements  and  the  dimension  of  the  selected  searching  region  on 
the  deformed  speckle  pattern  was  65  x  65  elements.  Fig.  10  shows  the  sectional  views 
of  a  speckle  pattern  sampled  by  the  four  different  resolutions.  It  is  seen  that  upon 
the  diminishing  of  the  sampling  resolution,  high  signal  frequency  components  are  lost 
gradually  and  less  intensity  contrasts  are  preserved.  But  as  long  as  T  =  0.5285,  most 
of  the  speckle  frequency  components  and  the  speckle  intensity  variance  are  registered. 

A  mean-elimination  process  was  applied  on  each  of  the  undeformed  subimages 
and  deformed  searching  regions  before  the  correlation  evaluation.  The  elimination  is 


I 

I 

I 

I 

f 

I 

I 

I 

I 

I 

I 

ff 

I 

f 

I 
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expressed  u 


g,i{mT,nT)  =  g,{mT,nT)  - 


1  fr,  N, 

■‘’o  i=i  jssl 


(38) 


where  =  15  for  each  subimage  and  N„  =  65  for  each  searching  region.  The 
effect  of  the  mean-elimination  on  the  correlation  evaluation  is  shown  in  Fig.ll.  It 
shows  that  the  correlation  between  the  mean-eliminated  images  preserves  much  more 
contrast  between  the  matching  position  and  all  the  nonmatching  positions  because  a 
zero-mean  background  is  achieved  in  computing  the  Nprod. 

The  effect  of  different  sampling  resolutions  on  the  correlation  evaluation  is  shown 
in  Fig.l2a-c.  Correlations  between  the  deformed  and  reference  speckle  patterns  using 
different  sampling  intervals  of  T  =  0.2645,  T  =  0.5285,  and  T  =  1.065  were  per¬ 
formed.  It  is  seen  that  the  decrease  in  sampling  resolution  results  in  two  effects  in 
the  Nprod  correlation.  One  is  the  flattening  of  the  matching  hill,  which  reduces  the 
sensitivity  or  accuracy  of  the  measurement.  The  other  is  the  increase  of  the  back¬ 
ground  noise,  which  reduces  the  reliability  of  meuurement.  However,  at  T  =  0.5285, 
the  maximum  value  of  the  background  of  Nprod  is  less  than  0.5,  which  is  much 
smaller  than  the  matching  coefficient  0.95.  Therefore,  a  reliable  determination  of 
displacement  components  is  obtained  at  T  =  0.5285. 
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5  Capability  of  measurement 


54  Upper-limit  of  measurable  area 

Recall  that  the  sampling  requirement  is 

T  =  Xq/{2D).  (39) 

Since 

q  =  {l  +  M)DFi,  (40) 

where  M  is  the  imaging  magnification  of  the  optical  system,  and  F|  is  the  aperture 
number,  eq  (39)  becomes 

r  =  AF,(l  +  M)/2.  •  (41) 

This  equation  shows  that  in  regard  of  the  sampling  resolution  requirement  the  optical 
imaging  magnification  and  the  aperture  number  must  be  selected  consistently. 

In  practice,  one  may  increase  the  measurable  area  by  choosing  the  largest  aper* 
ture  number.  The  minimum  applicable  imaging  magnification  is  then  determined 
by 

M  =  (42) 

Equation  (42)  implies  the  dependence  of  the  applicable  imaging  magnification  on 
the  selected  recording  aperture  number  (Ft)  for  a  fixed  sensor  pixel  interval  T  (see 
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(«) 


Fig.  13).  Thus,  the  maximum  measurable  area  on  the  specimen  is 

Ao  =  A./A/» 

where  A,  is  the  real  area  of  the  sensor  and  Ao  is  the  measured  area  on  the  specimen. 
Some  applicable  values  of  the  recording  magnification  and  the  measurable  area  in  our 
facility  are  shown  in  Table  I,  with  different  resolution  modes  and  aperture  numbers. 


5.2  Upper-limit  of  accuracy 

The  accuracy  of  the  displacement  components  obtained  &om  the  direct  correlation  of 
the  two  sampled  images  is  limited  by  the  pixel  interval  of  the  sensor  array.  For  accu* 
rate  measurement,  a  subpixel  detection  of  the  displacement  components  is  necessary. 
In  the  siX'parameter  white^Iight  speckle  correlation  approach,  direct  interpolation  of 
original  sampled  speckle  patterns  has  been  used  before  the  correlation  process.  In 
this  paper,  an  alternate  interpolation  approach  is  employed.  The  direct  correlation 
between  the  two  subimages  is  performed  on  the  ori^nal  sampled  lattices  only.  A 
coarse  estimation  of  the  displacement  components  is  achieved  by  detecting  the  max* 
imum  coefficient  on  the  correlation  lattice.  A  fine  interpolation  is  then  performed 
in  the  local  te^on  of  the  maximum  coefficient  on  the  correlation  lattice  and  mote 
accurate  determination  of  displacement  components  is  obtained  by  further  i^eatching 
of  maximum  coefficient  in  the  local  interpolated  region. 

The  correlation  coefficient  at  any  subpixei  location  (u,v)  in  the  correlation  domain 
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is  obtained  by  a  two-dimensional  classic  cardinal  reconstruction  from  the  correlation 
lattice  as 


K  K 

Nprod(u,v)=  ^  2  Nprod{mT,nT)  , 

m=-Kn=~K  j,{u-mT) 


sin  [^(u  -  mT)]  sin  [^(u  -  nT)] 


i(v-nr) 


•  (44) 


Since  both  the  undeformed  subimage  and  the  deformed  searching  region  are  suffi¬ 
ciently  sampled,  aliasing  does  not  occur  in  the  spectrum  of  the  correlation  lattice. 
Therefore,  interpolation  of  the  correlation  lattice  by  the  cardinal  reconstruction  func¬ 
tion  will  result  in  exactly  the  same  coefficient  at  any  subpixel  location  of  the  cor¬ 
relation  domain  as  that  obtained  from  the  direct  correlation  between  the  two  corre¬ 
sponding  analog  (unsampled)  speckle  patterns.  In  practice,  a  finite  reconstruction 
window  containing  only  the  mainlope  and  the  first  sidelope  on  each  side  of  the  cardi¬ 
nal  function  is  employed.  The  coefficient  at  a  subpixel  location  is  therefore  merely  a 
nonlinear  interpolation  from  the  sixteen  (4  ^  4)  nearest  coefficients  of  the  correlated 
lattice.  Such  an  interpolation  and  maximum  searching  process  results  in  a  fasi  cor¬ 
relation  speed  because  direct  correlation  is  done  only  oit  the  sampled  lattices  rather 
than  cn  all  the  fine  interpolated  points.  Further  improvement  of  speed  may  be  ob¬ 
tained  by  using  the  Newton-Raphson  climbing  dgorithm  in  the  interpolation  and 
maximum  searching  process. 

Although  an  interpolation  can  be  made  as  fine  as  required,  experir^ents  show  that 
the  minimum  measurable  displacement  components  can  not  be  less  than  a  certain 
limit  for  a  given  speckle  pattern.  This  is  because  the  hill  of  the  correlation  function 
becomes  flat  when  the  interpolation  is  very  fine.  To  the  authors’  experience,  a  .eliable 
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subpixel  detection  of  the  displacement  components  as  sm&H  as  2%  of  the  sampling 
interval  can  be  obtained.  Thus,  the  unmeasurable  distance  on  the  image  is  0.02T, 
or  0.00825.  Using  eq  (42),  the  uncertainty  of  the  displacement  components  on  the 
specimen  is 


=:0.02r/Jlf 

=  o.o2r/  (fj;  - 1) . 


(45) 


Equation  (45)  shows  that  the  uncertainty  of  the  measured  displacement  components 
also  depends  on  the  selected  lens-aperture  number  at  the  optimal  sampling  resolution. 

It  is  seen  from  eq  (41)  and  eq  (45)  that  the  only  way  to  reduce  the  uncertainty  of 
the  displacement  components  without  disturbing  the  sampling  resolution  requirement 
is  to  reduce  the  number  of  the  lens-aperture  and  increase  the  imaging  magnification 
of  the  recording  system.  Such  an  arrangement  will  obviously  reduce  the  measurable 
area.  But  it  is  practical  in  a  small  scale  deformation  measurement  to  .achieve  accurate 
results.  Therefore,  there  it  a  tradeoff  between  the  measurable  area  and  the  accuracy 
of  the  measurement.  Generally,  the  aperture  number  and  the  imaging  magnification 
must  be  selected  by  considering  both  factors. 

In  our  facility,  the  sensor  sise  it  L  —  10.00  mm.  When  the  frame  resolution 
mode  of  1024  x  1024  is  selected,  the  sensor  pixel  interval  is  T  =  9  77  /tm.  At  aper¬ 
ture  number  of  jP|  ~  22,  the  minimum  applicable  magnification  is  Af  =  0.403;  the 
maximum  measurable  area  is  Ao  ^  615.9  mm*;  and  the  uncertainty  of  the  measured 
displacement  components  is  ~  0.485  Some  more  configurations  ate  listed  in 
Table  I  at  other  possible  resolution  modes  and  aperture  numbers. 
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5.3  Upper-limit  of  measurable  deformation 

Since  specimen  deformation  always  results  in  decorrelation  between  the  two  registered 
speckle  patterns,  it  is  an  essential  task  to  seek  the  upper  deformation  limit  measur* 
able  by  the  displacement-otJy  correlation  method.  Denote  the  real  dimension  of  the 
selected  subimage  by  L,  and  its  discrete  array  size  by  N,.  First,  we  consider  the 
case  that  tensile  component  is  the  only  nonzero  displacement  gradient  (Fig.Ha). 
After  deformation,  the  subimage  is  stretched  into  a  length  of  L»  +  8L,,  with  each  end 
extending  81,12.  When  the  extension  of  each  boundary  appioache^  the  speckle  size 
5,  the  expected  correlation  value  contributed  from  the  boundary  elements  becomes 
zero.  Therefore,  the  deformed  subimage  varies  from  completely  correlated  (at  center) 
to  completely  uncorrelated  (at  ends)  to  the  undeformed  subimage.  For  a  reliable 
measurement,  we  select  the  measurable  extension  limit  on  both  ends  to  be  half  of  the 
speckle  size,  i.e., 

8L,  <  5.  (46) 

In  regard  of  5  =  2.44r  and  L,  -  IST,  one  obtains 

^  -Uii 

L, 

<  0.16. 

To  include  the  cases  of  both  extension  and  compression,  eq  (46)  is  rewritten  as 

1^1  <  0.16.  (48) 

Thus  the  upper  limit  of  the  measurable  unixial  tensile  strain  is  ±0.16. 
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Next,  let’s  consider  the  case  that  shear  component  ^  is  the  only  nonzero  displace¬ 
ment  gradient  (Fig.l4b).  Similar  to  the  tensile  case,  we  select  the  shear  deformation 
limit  M 

6L,  <  S.  (49) 

Therefore,  the  limit  of  the  gradient  is 
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Another  decorrelation  factor  may  come  from  a  rigid  translation  of  the  specimen. 
To  the  authors*  experience,  however,  decorrelation  from  a  rigid  translation  of  5  mm  is 
a  small  effect  in  a  collimated  illumination  system.  Therefore,  in  most  practical  cases 
we  may  assume  the  measurable  rigid  translation  is  unlimited  and  the  decorrelation 
from  the  rigid  translation  is  negligible. 

6  Conclusion  and  discussion 

An  optimal  sampling  resolution  of  the  laser  speckle  pattern  is  obtained  using  the 
Shannon  sampling  theorem  and  verified  by  experimental  results.  The  normalized 
product  metric,  which  is  a  noise  resistant  approach,  is  employed  in  the  correlation 
process.  Reliable  results  of  displacement  components  from  displacement-only  cor¬ 
relation  of  laser  speckle  patterns  are  obtained.  Fast  computation  speed  is  achieved 
because  a  two-parameter  searching  process  is  used  and  direct  correlation  is  performed 
only  on  the  integral  sites  of  the  sampled  lattice.  High  accuracy  of  displacement  com¬ 
ponents  is  achieved  by  the  cardinal  interpolation  and  subpixel  maximum  searching 
in  the  correlation  domain.  The  upper  limits  of  the  accuracy  and  measurable  area  are 
analyzed  and  a  method  of  changing  these  limits  is  given  by  adjusting  the  imaging  con¬ 
figuration.  The  maximum  measurable  specimen  translation  is  5  mm  in  a  collimated 
illumination  system,  and  the  maximum  measurable  strain  and  rotation  is  up  to  0.08 
in  a  general  deformation.  Though  not  directly  obtained  &om  the  correlation  process, 
necessary  strain  and  rotation  components  can  be  obtained  by  numerical  derivation 
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of  the  mtiltcd  displacement  field.  Further  improvement  in  processing  speed  may 
be  obtained  by  using  .the  Newton<Raphson  climbing  algorithm  in  the  coarse-to*fine 
interpolation  and  maximum  searching  process. 
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Captions  of  Illustrations: 

Table  1-Measuiable  area  and  uncertainty  at  different  system  arrangements 

Fig.  I-  Schematic  of  data  acquisition  and  image  processing  system 

Fig.  2-  Local  deformation  of  a  subimage 

Fig.  3-  Optical  image  formation  of  laser  speckle  pattern 

Fig.  4<-  Point-spread  function  of  optical  system  (cross  section) 

Fig.  5-  Amplitude  profile  (normalized)  of  the  spectrum  of  a  subjective 
l^er  speckle  pattern 

Fig.  6-  Intensity  distribution  of  a  typical  subjective  laser  speckle 
Fig.  7-  Theoretical  reconstruction  function 

Fig.  8-*  Amplitude  profile  of  the  spectrum  of  a  sampled  subjective  laser 
speckle  pattern 

Fig.  9-  Spectrum  of  theoretical  reconstruction  function 

Fig.lO-*  A  speckle  pattern  sampled  by  different  resolutions  (sectional  view). 

(a)  Frame  resolution:  1024  x  1024;  sampling  interval:  T  ~  0.2645. 

(b)  Frame  resolution:  512  x  512;  sampling  interval:  T  s  0.5285. 

(c)  Frame  resolution:  256  x  256;  sampling  interval:  T  =  1.065. 

(d)  Frame  resolution:  128  x  128;  sampling  interval:  T  -  2.115. 

Fig.  11-  Effect  of  mean-elimination  on  correlation  evaluation. 

(a)  Without  mean-elimination,  (b)  After  mean-elimination 
Fig.  12-  Correlations  between  deformed  and  undeformed  speckle  patterns  sampled 
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by  different  resolutions. 

(a)  Framo  resolution:  1024  x  1024;  sampling  interval:  T  =  0.2645 

(b)  Frame  resolution:  512  x  512;  sampling  interval:  T  =  0.5285 

(c)  Frame  resolution:  256  x  256;  sampling  interval:  T  =  1.065 
Fig.  13-  Magnification  and  uncertainty  as  a  function  of  recording  aperture 
Fig.  14-  Decorrelation  effect  of  specimen  deformation 

(a)  Uniaxial  tension,  (b)  Pure  shear. 
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Table  1  Measurable  area  and  uncertainty  at  different  system 

arrangements 


A,(mm*) 

Resolution  {N  y.  N) 

Ft 

Tifim) 

M 

i4o(mm*) 

512  X  512 

11 

19.53 

4.61 

4.71(2.17  X  2.17) 

0.085 

100.0 

19.53 

1.81 

30.52(5.52  X  5.52) 

0.216 

(10.00  X  10.00) 

1024  X  1024 

11 

9.77 

1.81 

30.52(5.52  X  5.52) 

0.108 

22 

9.77 

0.403 

615.9(24.8  X  24.8) 

0.485 
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Fig.l  Schematic  of  data  acquisition  and  image  processing  system 


Fig. 2  Local  deformation  of  a  subimage 


Fig.3  Optical  image  formation  of  laser  speckle  pattern 


Fig.  8-Amplitude  profile  of  the  spectrum  of  a  sampled  subjective  laser 
speckle  pattern 
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Fig.9  Spectrum  of  theoretical  reconstruction  function 
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(c) 

Fig.l2-  Correlations  between  deformed  and  undeformed 
speckle  patterns  sampled  by  different  resolutions. 

(a)  Frame  resolution:  1024  x  1024;  sampling  interval:  T  -  0.2645 

(b)  Frame  resolution:  512  x  512;  sampling  interval:  T  =  0.5285 

(c)  Frame  resolution:  256  x  256;  sampling  interval:  T  =  1.065 


nu^uification  andiuncertaiiity  as  a  function  of  recording  aperture 
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Resolution  of  resultant  displacement  into  components  in 
doubie  exposure  speckle  photography 


Piyush  K.  Gupta  and  Fu-Pen  Chiang 


An  equation  to  resolve  the  resultant  displacement,  recorded  using  double  exposure  laser  speckle  photography, 
at  the  surface  of  a  cylinder  suffering  radial  expansion,  axial  twist,  and  transverse  displacement,  into  these 
three  components  is  presented. 


I.  Introduction 

Double  exposure  laser  speckle  photography  is  a  well- 
established  optical  technique  for  measuring  in-plane 
displacement,  Applying  this  technique  to  measur¬ 
ing  in-plane  displacement  of  planar  surfaces  is  quite 
straightforward.  Here  we  extend  the  principles  of 
laser  speckle  movement  to  resolve  the  resultant  dis¬ 
placement  of  a  cylinder  suffering  radial  expansion, 
axial  twist,  and  transverse  displacement,  recorded  us¬ 
ing  double  exposure  laser  speckle  photography,  into 
the  three  components.  The  analysis  also  gives  an  in¬ 
sight  into  the  proper  design  of  the  experiment  to  ob¬ 
tain  the  transverse  component  directly. 


II.  Resolution  of  ResuHant  /-Displacement  into 
Components 

Consider  a  cylinder  with  its  axis  lying  transversely 
along  the  x-axis  as  shown  in  Fig.  1.  The  camera  is 
placed  in  the  x-z  plane  and  focused  on  a  plane  parallel 
to  the  x-y  plane.  The  three  motions  at  the  surface  of 
the  cylinder  that  contribute  toward  the  resultant 
speckle  displacement  in  the  /-direction  observed  at 
the  plane  at  which  the  camera  is  focused  are  (1)  trans¬ 
verse  motion  y„  (2)  radial  expansion  of  the  cylinder  /r, 
and  (3)  surface  displacement  due  to  the  twisting  of  the 
cylinder  about  the  x-axis  y,.  If  6  is  the  angular  dis¬ 
placement  in  radians,  measured  positive  counterclock¬ 
wise,  y,  “  Rd,  where  R  is  the  radius  of  the  cylinder. 
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We  derive  below  the  relation  governing  the  contri¬ 
butions  of  all  these  factors  toward  resultant  speckle 
displacement  in  the  /-direction  at  the  plane  at  which 
the  camera  is  focused.  We  consider  four  possible  im¬ 
aging  conditions  separately  and  show  that,  under  cer¬ 
tain  assumptions,  they  can  be  reduced  to  a  unique 
governing  equation.  •- 

Let  dfp  be  the  distance  between  the  x-axis  and  the 
plane  at  which  the  camera  is  focused,  as  depicted  in 
Figs.  2-5. 

Consider  the  points  (such  as  a)  on  the  surface  of  the 
cylinder  lying  within  the  region  that  can  be  imaged  by 
the  camera.  Point  a  is  displaced  to  at  due  to  the 
transverse  displacement /<.  It  then  displaces  to  Or  as  a 
result  of  the  radial  expansion  /r  and  finally  to  a,  after 
suffering  a  radial  twist  of  angle  6.  The  net  effect  of 
these  displacements  on  the  speckles  generated  on  the 
focus  plane  by  light  scattered  from  point  a  is  a  trans¬ 
verse  displacement  at  the  focus  plane.  It  is  important 
to  note  that,  although  a  pure  translation  component  of 
the  displacement  of  point  a  yields  equal  transverse 
displacement  of  the  speckles,  the  twisting  or  rotation 
of  point  0  by  an  angle  d  results  in  rotation  of  the 
speckles  by  an  angle  28  and  with  an  arm  equal  to  the 
distance  between  the  focus  plane  and  point  o.  Assum¬ 
ing  that  the  displacements  and  rotation  are  small  so 
that  the  speckle  fields  before  and  after  the  total  dis¬ 
placement  remain  correlated,  for  the  four  different 
imaging  conditions  we  can  write  the  following  equa¬ 
tions  which  relate  the  total  transverse  displacement  / 
of  the  speckles  in  the  focus  plane  to  the  transverse  (/,), 
radial  (/,),  and  twist  (/,)  components  of  the  displace¬ 
ment  suffered  by  points  such  as  o. 

Case  1.  For  points  on  the  surface  of  the  cylinder  lying 
to  the  left  of  the  focus  plane  and  above  the  origin,  using 
Fig.  2  we  can  write 

y  a  y,  -f  y,  sind  —  (R  +  y,)9  cos^  +  !(/?  -r  y,)  cos^ 

■KR  +  y,)8  sin(Ji  -  d/pl  -29.  (1) 

which  rearranges  to 
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Fig.  1.  Cylinder  as  viewed  by  the  camera. 


y'‘yi+y,  sin<i  +  (ft  +  y,)S  coi<t> 

^  (ft  +  y,)  sin*  •  26-  -  (2) 

Case  2.  For  points  lying  above  the  origin  and  to  the 
right  of  the  plane  at  which  the  camera  is  focused,  using 
Fig.  3  we  have 

y  ■  >■(  +  y,  -  (ft  +  y,)9  cos*  -  Id^p  -  (ft  +  y,)  cos* 

-(ft  +  y,)9sin*|-2«,  (3) 

which  rearranges  to 


y  ■  y(  +  y,  sin*  +  (ft  +  y,)9  cos* 

+  (ft  +  y,)  sin*  •  ^  -  d/p2ff.  (4) 

Case  3.  For  points  lying  below  the  origin  and  to  the 
left  of  the  focus  plane,  using  Fig.  4  we  can  write 

y  “  yt  ~  yr  sin*'  -  (ft  +  y,)«  cos*'  +  Kft  +  y,)  cos*'- 

-(ft  +  y,)9sin*'-d/p|.29,  (5) 

which  rearranges  to 

y  “  yi  ~  yr  sin*'  +  (ft  +  y,)9  cos*' 

-(ft+y,)sin*'.2fi--(l/p20.  '  (6) 

Case  4.  For  points  below  the  origin  and  to  the  right  of 
the  plane  at  which  the  camera  is  focused,  using  Fig.  5 
we  have 

y  ■  y,  -  yr  sin*'  -  (ft  +  y,)9  cos*'  -  |d/p  -  (ft  +  y,)  cos*' 

+(ft  +  y,)9  sin*'|  •  29.  (7) 

which  rearranges  to 

y  “  yi  ~  yr  sin*'  +  (ft  +  y,)9  cos*' 

-(ft+y,)sjn*'-29^-d,p29.  (8) 

But  since  4>'  •  2r  ~  4>,  we  have  cos^' «  cost^i  and  sinc^f' 
■  -9in(^».  If  yr «  R,  then  (R  +  yr)  »  R,  where  R  is  the 
radius  of  the  outer  surface  of  the  cylinder.  Then,  v/e 
can  rewrite  Eqs.  (2),  (4),  (6),  and  (8)  as 

y  ■  (y,  -  2d/p9)  +  sin*(y,  +  2ft9*)  +  cos*(ft9).  (9) 

The  camera  records  an  image  in  a  plane  parallel  to 
the  x-y  plane  and  the  specklegram  is  read  out  at  dis- 


Fig.  2.  Speckle  displacement  for  points  above  the 
origin  and  to  the  left  of  the  focus  plane. 
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Fig.  5.  Speckle  displacement  for 
pointa  below  the  origin  and  to  the 
right  of  the  focus  plane. 


Crete  points  (t  j),  where  i  is  the  x-coordinate  and  /  is  the 
^.coordinate  of  the  point  being  analyzed  using  the 
pointwise  technique.  Equation  (9)  governs  the  resul¬ 
tant  y-displacement  recorded  on  the  specklegram  at 
any  point  (ij).  The  angle  ^  is  independent  of  t.  Fora 
given  i,  we  can  select  tluee  suitable  values  of  j  (which 
yield  minimum  error)  to  obtain  a  system  of  three  linear 
equations  with  the  three  coefilcients  shown  within 
parentheses  in  Eq.  (9)  as  the  three  unknowns.  By 
solving  this  system  of  three  linear  equations,  we  obtain 
the  twist  effect  y,  «  as  the  coefficient  of  the  cosine 
term  in  Eq.  (9).  Then,  knowing  R,  R6  (thus  6  as  well), 
and  (yr  +  2Rd'^)  as  the  coefficient  of  the  sine  term,  we 
evaluate  yr.  Further,  if  the  camera  is  focused  at  a 
distance  d/p,  knowing  6,  we  evaluate  yj.  Note  that,  if 
dfp  ■  R/2,  at  0  ■  0,  y  »  yj.  Hence,  if  we  analyze  the 
specklegrams  at  ^  *  0,  we  can  directly  obtain  the 
transve.-se  displacement  component  when  d/p  *  R/2. 

III.  Cof'^Jusksn 

To  apply  double  exposure  laser  speckle  photography 
to  proble'us  involving  cylindrical  surfaces  undergoing 
radial  expansion,  axial  twist  as  well  as  transverse  dis¬ 
placement,  the  camera  should  be  preferably  focused  at 
a  plane  which  is  at  a  distance  of  R/2  ahead  of  the 


vertical  plane  containing  the  axis.  With  such  a  setup, 
the  three  components  can  be  readily  obtained  from  a 
single  double  exposure  specklegram,  with  the  trans¬ 
verse  component  available  directly  without  the  need  to 
solve  the  simultaneous  equations. 

Financial  support  provided  by  the  Army  Ballistic 
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Segmentation  of  Bilevel  Images  Using  Mathematical  Morphology 

fm-Oung  Gieng  and  Hon-Son  Don 
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of  the  light  distribution  across  the  images.  Local  thresholding 
techniquet  need  multiple  passes  over  the  data.  This  caus« 
fast  data  throughput  difficult.  Recently,  PavUdis  and  Wolberg 
[6]  proposed  a  method  based  on  a  model  of  distortion  of  tl% 
images  and  tried  to  invert  the  distortion  process.  Aitother 
iterative  method  wu  proposed  by  P£tez  and  Gonzalez  [7]. 
They  used  Taylor  series  expansion  method  on  an 
iUummanon-reflectance  model.  Like  many  iterative  algo- 
Abstract  rithms,  the  result  of  their  method  depends  on  the  selection  of 

This  paper  presents  the  results  of  a  study  on  the  use  of  initial  values. 

morphological  skdeton  transformation  to  segment  grayscale  ^  ^  t  '  x.  ,  e  .  •  j 

.  f  .  un.  ui  I  •  Mathematical  morphology  wu  first  mtroduced  by 

imagu  mto  bilevel  images.  When  bilevel  image  is  digitized,  v  j  l 

^  .  ,  r  A  .  j  t  „  MatheronfS]  and  SerraflO].  It  is  characterized  by  its  robust- 

the  result  is  a  grayscale  image  due  to  die  pomt  spread  funcuon  ^  ^  .  ’  ■  t 

c  j-  •  j  t  11  •  j  •  /-L  .w  j  *>**»•  accuracy  and  flexibility.  It  can  exiractt  mfotma- 

of  diginzer,  non-uniform  illumination  and  noise.  Our  method  .  J  \  '  ^  ^  ^ 

'  .  •  ■  ,  i.-,  ,  •  fc _  A.  _  1*  non  about  the  geometrical  structure  of  an  object  by  transform- 

can  recover  the  onginal  bilevel  image  from  the  grayscale  •  .  „  j  •  ,  u-  ,  ,,  j 

•n  .1.  •  1 1.  •  *.1.  1  -.1.  •  .1.^  •  1  mg  It  with  another  smaller  and  simpler  object,  called  sttuctux- 

imace.  Tlte  theorencal  basis  of  the  algonthm  is  the  physical  .  “  ,  .  ,  .  , _ 

of  t%  rtoloon  A  pWot  U*  ”«  M»y  yyl-cMn.  otnutoMAclponilily 

,  .  ,  c  .  J  have  been  proposed  m  literature,  such  u  noise  lemomri, 

grayscale  skeleton  transformation  u  used  to  separate  and  ,  ^  ,  _v 

.•  u  u  j .  •  o-u  u  •  I  .u  feature  detecuon  (edges,  holes,  comers, ...,  e*cX  thckeniaci 

rmove  uu  background  The  object  pixels  can  then  ^  ^  SkSnization  by  using  binsiy  rnadiuS 

^t^by  applym,  a  global  threriiold.  Experimental  remlu  inwSdS^lO). 

Key'words:  segmenution,  mathematical  morphology,  thru-  O®  major  topic  in  this  paper,  is  the  segmentatioii  of 

holding  bilevel  image.  It  is  done  by  first  extracting  the  skeleton  of  the 

given  gray  scale  image  by  the  gray  scale  morphological 
1.  Introduction  operations  and  then  usmg  the  connectivity  property  of  the 

.  a.  .  .L  •  .  I  ■  •  •  .  .  skeleton  to  segment  the  given  image  into  bil^cl  image.  For 

Assume  that  the  input  gray  scale  tmage  u  mtended  to  t  -  ^  t-Z  .  .  . 

w  —t.  I  1  u  •  .-j .  ;  j  1-  Itinds  of  image,  like  machine  parts,  pnnted  texu  and 

have  only  two  levels,  such  u  the  printed  texu  and  line  draw-  V  .  a.  _  •  ,  a  V  ,  . 

—  .  ,  ^  hne  drawmgi,  the  object  puela  and  the  nouea  can  only  be 

mgs.  The  most  commonly  used  method  m  extraumg  object  ..  .  .  %  v  •  va,  a.  ■  ,  •  u  , 

rtgim  from  background  U  -dtrerinldin,".  Threrimlding 

clusifie,  the  pixels^  a  given  image  inio^o  groups  that  ii  ^ 

u-  .a  J 1  1.  J  If  .V  •  1  _i  J---  •  V  VI  tnuch  Ivger  size.  The  centers  of  the  mscribmg  nheres  (te., 

object  end  beckground.  If  the  object  u  cleariy  distinguiahebte  . 

cJ  ,  v:-  11  V-  vi_  skeleton  poinu)  of  these  differeiit  kinds  of  regions  ususlly  are 

from  the  background,  the  gray  scale  histogram  will  be  btmo-  .  .  v. 

dal  and  the  dueshold  for  segmentation  can  be  euily  d»aen  u  wily  scpaiwd. 

mK-Ubimpm.  «.  ".il  •“ 

not  ilw,,,  bmiodil.  SnrMj  melllod,  hsv,  bMn  propoMd  to  **!!*'**  **tu.tl!a  mo*^**^  ^  T 

Ktlvo  to  ,»,blon  «.  to  th.  vile,  tokitt,  toSTc™  *H»>1  toftoMttt, 

.imb.TOU^iS«~«topnblito««Ll»t.S^.  »>-b.wtoloto.c,llt.ob,«.ptxnU. 
tion  of  thresholdinf  valuea  iiKhide  iterative  method  [9],  In  out  experimenta,  the  algorithm  it  compared  against 

illuminadon-independMU  contrut  measure  (11),  moment-  global  thresholding  scheme,  a  local  thresholding  scheme 
preserving  method  [13],  and  methods  based  on  entropy  of  the  repotted  by  White  and  Rohrer{14]  u  weU  u  a  segmenution 
histogram  (3, 8),  co  local  atimation  of  uniform  etror  analysis  elgorithm  reported  by  Ptvlidis  and  WoIber|[6]. 

[1]  and  on  other  image  statistici.  Some  aforementioned  algo-  In  Section  2,  the  bwic  morphological  set  transfcmia- 

ritfuns  use  simple  global  threshold  while  others  use  (multiple)  tions  are  summarized.  In  Section  3,  we  discuss  the  moipho- 
local  threshold.  However,  simple  globil  diresholding  of  logical  skeleton  lepresentaacsn  of  grayscale  images.  In  Sec- 
such  images  produces  poor  resulu  due  to  the  nonuniformiiy  tion  4-.  we  ptopoee  the  aiponduns  for  bilevel  image  segmenu- 

-  tion,  Expotimoiul  lesulu  and  conclusions  are  given  in  Sec- 

This  wo*  wu  luppotted  by  the  Nmooil  Scieaee  FoundstioB  tion  5  ind  Section  6.  respectively. 
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2.  Basic  Morphoiogkal'Set  Operttlons 

In  the  following  we  sununarize  some  basic  morpho* 
logical  tnoufonnatione.  The  details  of  these  formula  can  be 
found  in  [2]. 

Let  denote  rde  set  of  N-tuple  integers, .  „  B  be  sub¬ 
sets  of  E>*,  X  be  a  vectorin  E*". 

Definition  1 :  The  binary  diladoti  O  of  A  by  B  is  defined  by 
A  ®  B  >  {  c  eE^  I  esa-fb,  for  some  acAaralbeB) 
Dcflnltiott  2:  The  bmaiy  erosion  6  of  A  by  B  is  defined  by 
A  9  B  s  (  X  cE''  I  x-t-b  6  A,  for  every  b  €  B  ) 
Definition  3:  The  binaty  openmg  O  of  A  by  B  is  defined  by 
A  OB>(A  9  8)  9  B 

Definition  4:  The  binary  closmg  *  of  A  by  B  is  defined  by 
A  •  B-(A  9B)  9B 

Let  f  and  g  be  functions  defined  on  E’*,  x  and  y  are  vec¬ 
tors  in  E>*, 

Definition  S:  Let  AcE****  and  Fa(xeE''l  for  some  ycE, 
(x,y)€  A).  The  top  (or  top  surface)  of  A  is  defined  by 
TIA](x)  -  raax{  y  I  (x.y)  €  A  ). 

Definition  6:  The  umbra  of  t,  denoted  by  U[f]  is  defined  by 
Uiq-{(x,y)lySf(x).x€E»  yeE). 

Definition  7:  The  grayacsle  dilation  of  f  by  B  is  defined  by 
f  Ob  B-TtU(Q  9U(B)] 

Propoaitlon  1; 

(f  a^BKx) «  V^'  f(x-b>fB(b)J.  (1) 

Definition  8:  The  grayscale  erosion  of  f  by  B  is  defined  by 
f  Q^  B«TtU(f]  9U(B1) 

Proposition  2: 

(f  6b  BXx)  =  ■  f(x+b)-B(b)|.  (2) 

Definition  9:  The  grayscale  openmg  of  f  by  B  is  defined  by 

fCbB  =  (febB)  «b  B-  (3) 

Definition  10;  The  grayscale  closing  of  f  by  B  is  defined  by 

f*,B«(f9bB)  B.  (4) 

Propoaitlon  3:  Umbra  Homomorphisin  Theorem 

UIf9bB]  =  U(f]®UtB]  (5) 

U[f«,B]«U(f]«U[B]  (6) 

OtherfonnulucanbelbQodin(2,5. 10], 

3.  Morphological  Skeleton  TransforsMtlon  of  Gray  Scale 
Images 

The  skeleton  S(0  of  a  discrete  H-dimensional  binaty 
image  f  is  defined  u  the  set  of  the  centers  of  die  maximal  N- 
dimensional  spheres,  insctibable  inside  the  image  f.  An  N* 
dimensional  sphere  is  madmal  if  it  is  not  properly  contained 
in  any  other  spheres  which  are  totally  included  in  f.  Hence,  a 
maximal  sphere  must  touch  the  boundary  of  f  at  least  at  two 


different  points.  The  morphological  skeleton  transformation 
of  a  discrete  binaty  image  has  been  studied  in  [S,10].  For 
pvf  scale  images,  the  maximal  sphere  can  be  similarly 
defined  and  die  gray  scale  skeleton  transformation  can  be 
derived  by  using  the  concept  of  umbra.  Let  B  be  a  N- 
dimensional  gray  scale  structuring  element  with  semi-sphere 
shape  of  flat  bottom.  We  define  the  skeleton  S(0  of  a  discrete 
N-dimensional  gray  scale  image  f  as  the  set  of  the  centers  of 
B  which  the  umbra  U[B]  of  B  is  the  maximal  umbra  inacrib- 
able  inside  the  umbra  U[f]  of  f.  An  umbra  of  a  semi-sphere  is 
maximsl  if  it  is  not  properiy  contained  in  any  other  umbra  of 
semi-sphere  totally  includ^  in  U[f].  Therefore,  the  gray 
scale  skeleton  can  be  derived  as  follows: 

S^f)  =  (Um  9U(nB]HU[f]  9U[nB])  OU[B]  (7) 
and 

S(f)=j^W0 

where  S«(0  denotes  the  n*  skeleton  subsa  of  Ulf],  B  is  the 
N-dimensional  gray  scale  structuring  element  tmd  nB  is 
defined  as  the  gray  scale  dilation  of  B  widi  itself  n  times: 

nSsBebBOb  ^B  (ntimae). 

By  SoCO*  >  U[f]  CbU[B],  wecanseethattheO*skelafen 
subset  of  U(f]  consists  of  thoM  pointt  in  U[f]  and  they  can  hot 
be  insetibed  or  touched  by  any  unit-size  maximal  qrharat'B. 
Similarly,  Sa(0  consists  of  points  which  ate  the  translated 
centers  of  size-n  sphere  nB  when  the  translation  of  U[nB}  is 
inscribable  inside  U[n  but  that  of  U((n'fl)B)  is  not  To  find 
the  skeleton  by  using  gray  scale  erosions  and  openings,  we 
need  the  following  property. 

PropoaltloB  4 : 

5.(0  *  U(f  e,  nBHJ((f  ek  nB)  q  BJ  (8) 

proof:  By  (6X  U[f]  9U[nB]  -  U[f  Gk  nB],  Let  h  « f 
Gk  nB,  then  by  (3X5),  (U[f)  9  U(nB))  O 
UtB]  -  Uth]  O  U[B)  -  (U[hl  9  U[B])  9 
U[B)  -  U[h  Gk  B)  9  U[B) «  U((h  Gk  B)  ^ 
B]  •  Uth  B] »  U[(f  Gk  nB)  Ck  B).  There- 
fore.S.(0-U[f  Gk  nB]-U[(f  Gk  nB)  Ck  B). 

The  morphological  skeleton  transformation  is  inverti¬ 
ble.  The  discrete  gr^  scale  image  f  can  be  exsedy  recon¬ 
structed  IS  the  finite  union  of  its  M-t-1  skeleton  subsets  dilated 
by  the  structuring  elonent  B  of  proper  size . 

f=T[^0  ®  U[nB]l  (9) 

The  structuring  element  B  in  (8)  can  be  conrldered  u 
an  unit-disiance  probe.  Skeleton  poim  in  5.(0  has  the 
minimum  distance  of  n  to  the  boundary  of  image  f.  The  dis¬ 
tance  measure  can  be  interpreted  by  using  city-block,  chess¬ 
board,  rectangular-solid  distance.  Euclidean  distance  or  any 
other  distance  measures.  Note  that  the  first  three  dismees 
satisfy  the  equation  nB  «  B  Gk  B  ...  Gk  B  (n  times). 
The  Euclidean  distance  does  not  satisfy  this  equation.  There¬ 
fore  the  Euclidean  distance  is  not  suitable  to  be  used  as  the 


unit-size  stnictu^g  element  for  the  iterative  skeleton 
transformation  (8).  Although  tome  structuring  elements  do 
not  look  like  Sj^ierea  is  shape,  we  still  adapt  the  term  “maxi¬ 
mal  sphere"  to  the  structuring  elements  not  spherical  in  shape 
but  are  maximal. 

4.  Segmentation  of  Bilevel  Image 

In  this  section,  we  present  our  algorithm  for  bilevel 
image  segmentation.  The  basic  idea  of  the  segmentation  algo- 
ridun  as  well  u  its  computational  complexity  are  discussed  in 
Section  4.1,  In  Section  4.Z  the  theoretical  analysis  of  our 
algorithm  are  given.  The  selection  of  the  smicoiring  element 
and  the  robustness  of  the  algorithm  are  discussed  in  Section 
43.  Finally,  a  comparison  with  the  Top  Hat  Transforma- 
tion{10]  is  given  in  Section  4.4. 

4.1.  Basic  Approach 

Given  an  ideal  bilevel  image  f|  whose  gray  values  at 
pixel  (x.y)  are  f((x,y)«a  for  object  pixels,  and  fi(x.y)*0  for 
background  pixels.  Let  its  blurr^  image  f  be  denoted  by 

f(x.y)  *  fi(x.y>+Mise(x,y>+o£ffet(x.y). 

where  noise(x.y)  and  o^t(x,y)  are  the  added  noise  and  dse 
background  ofbet  caused  by  non-uniform  lighting  distribo- 
don.  respecdvety.  Our  aim  is  to  fitvd  a  base  surface  b(x,y) 
which  is  the  estimation  of  the  o^ut,  i.e.,  b(x.y>«fi'set  (x.y). 
Then  the  bilevel  image  f|  csn  be  reconstructed  by  thresholding 
f(x,y>-b(x,y). 

To  find  the  base  surface  b  for  s  given  grsy  Ksle  image 
f,  we  begin  with  the  skeletonization  of  the  ii^t  image  f  by 
using  the  gray  scale  skeleton  trsnsformadon  (8).  Recall  thtt 
the  skeleton  point  is  the  center  of  the  maximal  inscribed 
spherw.  We  wiU  call  the  skeleton  point  which  inscribes  the 
object  (background)  pixels  u  object  (background)  center. 
The  skeleton  of  a  connected  discrete  image  may  be  discon¬ 
nected.  We  will  explain  in  the  following  dtat  the  disoormec- 
don  occurs  in  the  intersecdon  of  ol^ect  pixels  and  background 
pixels.  Within  object  pixels,  the  radius  change  is  continuous 
snd  the  distance  between  two  neighboring  skeleton  points  are 
less  than  or  equal  to  two  in  noise-free  case  (slightly  larger 
than  two  in  noisy  case).  The  magic  number  two  is  due  to  the 
possible  increment  of  the  size  by  one  between  two  consecu- 
dve  maximal  si^ierea  and  the  one  pixel  downshifk  of  the  larger 
sphere.  Since  tha  hzss  of  the  spheres  which  inscribe  the 
background  pixels  art  relatively  much  larger  dian  those  of  the 
spheres  which  tnserih^tha  object  pixels.  Therefore,  in  the 
intersection,  the  diatanDe  between  the  object  center  and  its 
successive  background  emu  will  be  much  greater  than  two. 
This  big  jump  of  distance  between  two  successive  centers 
causes  the  disconnecdon  of  the  skeleton.  By  detecting  this 
distance  change,  we  can  easily  locate  those  background 
centers. 

Two  skeleton  points  are  connected  if  the  distance 
between  them  is  less  than  or  equal  to  two.  Otherwise,  we  say 
that  they  are  disconnected.  For  disconnected  skeleton  points, 
the  skeleton  associated  with  the  larger  radius  is  a  background 


center.  Any  skeleton  point  connected  to  a  background  ceiuer 
is  a  background  center  and  any  skeleton  point  connected  to  an 
object  center  is  an  object  center. 

After  the  background  centers  are  found,  the  base  sur¬ 
face  b  can  then  be  constructed  from  those  background  centen 
by  using  die  inverse  grayscale  skeleton  transformation  (9). 
The  base  surface  b  is  the  top  of  the  union  of  those  umbras 
which  are  the  translation  of  the  umbra  of  nB  by  Q,  for  every - 
background  ceUer  Q  in  Soff)-  Here,  we  list  our  segmenudon 
algorithm  as  follows: 

Atgorithm: 

bput:  a  grayscale  image  f. 

Output:  a  segmented  bilevel  image. 

Steps; 

0.  Initialize  the  base  surface  b(x,y)^. 

1.  Using  (8X  find  the  skeleton  subsets  S^f)>  for 
O^nilM. 

2.  Construct  b  by  the  top  of  the  union  of  those  umbras 
which  are  the  transladon  of  the  umbra  of  nB  by  (}, 
for  every  background  center  QinSi^f): 

b=Tty(UfnB])Q] 

3.  Remove  the  background  offset  by  sobtraette 
g(x,yK(x,y)*b(x.y). 

4.  Threaholdmg  the  background-removed  image 

8(*.y). 

The  value  of  M  in  step  1  can  be  the  size  of  the 
minimum  square  mask  of  M  by  M  pixels  which  can  not  be 
completely  contained  inside  any  object  in  die  image.  The 
computation  time  is  dominated  by  the  skeletonization  process 
in  step  1.  Assume  we  choose  the  structuring  element  B  u  an 
I'D  unit-size  rectangle  (see  Fig.  la)  for  1-D  line  scan  process 
and  unit-size  rectangular  solid  for  2-D  process.  Then,  by  (2), 
the  grayscale  froskm(diladon)  of  f  l^  B  needs  2  pvallel 
min(max)  opaations  in  1-D  or  8  parallel  minfmax)  operadons 
in  2-D  by  using  a  parallel  computer.  Since  the  grayscale 
erosion(dilation)  of  f  by  nB  can  be  done  by  successively  trod- 
ing  f  by  B  n  times,  0£n^  step  1  needs  .^M(M-fl)  grayscale 
erosions  by  B  phis  M+1  grayscale  erosions  by  B  and  M  dila¬ 
tions  by  B  for  the  opening  operadons  in  (8),  whidi  amounts  to 
a  total  of  (M^5M-»-2)  grayscale  erosion/dilAdon  operadons. 
Therefore,  step  1  totally  takes  (M*+5M+2)  and  4(M*f5M-t-2) 
parallel  minAnax  operadons  on  a  parallel  cumputer  for  1-D 
and  2-D  fuhion,  respecrivety,  for  the  selected  structuring  ele¬ 
ment  B.  Note  diat  the  2-D  fashion  takes  4  times  longer  than 
1-D  line  scan  fiuhioa 

43.  Tbeorttlcal  Analysis 

For  the  simplicity  of  description,  we  assume  the  image 
is  a  one-dimensional  image  which  can  be  the  row-  (or 
column-)  version  of  a  two-d^ensional  image.  All  the  proper- 
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Fig.  1:  (i)  1-D  recungultf  unit-iize  sGructuring  elemem,  (b) 
1>D  rectingulv  *ue>r  structuring  element,  (c)  A  mtximil 
inscribed  size-r  sphere  with  center  at  C,  touchs  the  local 
minimum  point  and  two  poinu  P  and  Q  on  the  discrete  signal 
f,  when  tr-tQ  is  even,  (d)  Two  neighboring  maximal  inscribed 
spheres  with  centen  at  Cp  and  Cq,  respectively,  when  tp-tQ  is 
odd. 

dee  derived  below  can  be  naturally  and  easUy  extended  to 
two^lifflensional  image.  We  also  assume  the  pixeb  on  the 
image  boundary  belong  to  the  background.  In  the  continuous 
image  case,  a  maximal  sphere  inscribed  in  f  must  touch  the 
top  of  f  at  least  at  two  points.  These  two  points  which  have 
maximum  distance  among  those  touched  points  are  called  two 
farthut  points.  While  in  discrete  image  case,  due  to  the 
nanire  of  discrete  skeleton  transformation  (8),  the  discrete 
skeleton  may  be  of  width  up  to  two.  The  two  farthest  points 
Ruy  be  touched  by  one  maximal  sphere  or  by  two  nei^bor- 
ing  maximal  spheres  of  the  same  size.  In  either  case,  without 
loss  of  generality,  we  sdll  uy  that  these  two  farthest  points 
are  touched  by  a  nuodmal  sphtrt.  First,  we  give  the  follow* 
ing  observadotu 

Proposition  5  :  Assume  the  structuring  element  B  is  a  1-D 
unit-size  rectangle  (see  Fig.  la) ,  that  is,  BCt)*!  for  ttlSl,  and 
B(t)  is  undefined  for  ltl>l.  Let  Pa(tp,  f(tp))  and  (Htg,  {(tQ)) 
be  two  farthest  points  which  ate  touched  by  a  maximal  sphere 
rB  of  radius  r,  tp^tQ,  thn 

(i)  f(tpH(tQ>. 

(ii)  r»  ItQ-tpJ,  and  tQr't|Cs2r,  if  tqr-tp  is  even;  t(}-tp=2f+l, 
if  tQ-tp  is  odd, 

(iii)  ifaitdonlyiftQstportqstpfl  thenrwO, 

(iv)  If  tgr-tp  is  even,  then  the  inscribed  maximal  sphere  is 
centered  at  (tp+r,  f(tp)-r),  otherwise  P  end  Q  are 
touched  by  two  neighboring  maximal  spheres  which 
are  centered  at  (ip+r+l,  f(tp>.r)  and  (tp+r,  f(lp)-r), 
respccdvely. 


Fig,  2:  (a)  1-D  tepresentatioa  of  bilevel  one-peak  signal, 
marked  with  two  consecutive  and  connected  skeleton  points 
C|  and  C].  (b)  A  two-peak  signaL  msked  with  two 
consecutive  but  disconnected  skeleton  points  C|  and  Ci, 
respectively.  Pixels  in  shaded  area  are  background  pixels,  (c) 
Re^t  of  the  signal  in  Fig.  2b  after  the  removal  of  Ae  shaded 
area  (background).  Note  that  aU  signals  are  plotted  with 
continuous  line,  they  actually  represent  discrete  signals. 

proof;  Since  B  is  an  unit  size  rectangular  and 
rB^Bfi^BSk  Sk B  (r  times),  therefore  rB  is 

a  lize-r  rectangular,  Le.,  rB(t)^  for  1 1 1  ^  and  rB(t) 
ii  undefined  for  ltl>r  (see  Hg,  lb).  What  tQ-tp  is 
even  (see  Rg,  Ic),  umbra  of  tB  slides  sound  and  fit 
within  umbra  of  fi  the  two  comet  points  P  snd  Q'  in 
rB  will  match  f  at  two  farthest  points  P«(tp,  f(tp)) 
•od  f(tQ)X  respectively.  Since  rB(- 

r)«rB(r)iS,  we  get  tQ-tp- IP-QI»IP'-Q'l*2r.  and 
the  skeleton  point  is  at  (-^IIMJI,  f(tp)-r)=(tp+r. 
f(tp)-r).  When  tq-tp  is  odd  (see  Rg.  Id),  P  will  be 
touched  by  the  maximal  sphot.-  rB  of  centered  at 
(tp+r,  f(tp)-r)  and  matched  r  »hi]e  Q  will  be 
touched  by  the  maximal  sphcr,-  rB  of  centeroi  at 
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(t|f«+l,  f(t|>)-r)  md  nutched  Q'.  So,  tQr-t|>=2r+l. 
(iii)  isioUowad  obviouily  by  (ii). 

In  the  foUowing,  x/t  fix  our  structuring  element  u  the 
unit'size  rectangle  for  1-D  process,  and  unit-size  rectangular 
solid  for  2-D  process. 

Proposition  6:  If  the  shape  of  t  simple  signal  has  only  one 
peak,  that  is,  no  local  minimum  jwints,  then  every  two  con¬ 
secutive  skeleton  points  are  at  most  of  distance  2. 

proof:  Let  P»(ta.f(ta))  and  <Ht<j,f(t<})),  trctQ,  are  two 
farthest  points  touched  by  a  maximal  sphere  of 
radius  r  (see  Fig.  2a).  For  simplicity,  assume  tQ-ta 
is  even  and  let  y<af(ta).  Then,  by  proposition  5, 
ysf(tp>«f(tQ),  FB  inscribed  maxi¬ 

mal  sphere  is  centered  at  Cia>(trtf,y-r).  Let  two 
neighboring  points  of  P  and  Q  are  R«(t)t,y-1)  and 
(ts,y-l)  respectively.  Then  tt  must  be  equal  to  ta  or 
ia-1  and  ts  must  te  equal  to  tq  or  tq^-l.  Let  the 
inscribed  maximal  sphere  which  touches  two 
farthest  points  R  and  S  be  of  radius  r',  and  cerueted 
at  Ca.  In  tuBta-l  and  tsotg-t-l  case,  we  get 
rB-^IR-SI«  7  Lts-tajBr+l  and  Cj«<trH'',y-l- 
r)B(taK,y-r-2X  therefore  ICiCilarnaxI  (tHr)- 
(tr+rX  (y-r)-<y-r-2)  >*2.  In  other  cases,  tRBtp  or 
tsBtq,  which  imply  I  CtCil  S2. 

Proposidon  6  uys  that  none  of  the  skeleton  pointt  m  a 
simple  (one  peak)  signial,  which  has  no  local  minimums,  are 
background  centers.  Thus,  the  base  surface  will  be  zero. 
Therefore  we  have  shown  that  a  single  signal  will  be 
preserved  and  not  be  affected  by  our  segmentation  algoridim. 
In  the  following,  we  discuss  the  more  general  cases. 
Proposition  7;  For  objects  with  more  thin  one  local 
minimum  points,  any  skeleton  point  of  die  nucribed  maximal 
sphere  which  touches  one  of  the  local  mimmum  points  must 
be  a  background  center. 

proof:  Let  AB(iA.f(tA))  be  an  local  minimum  point  of  f, 
y<>f(tiO,  and  the  inscribed  maximal  sphere  which 
touches  A  is  of  radius  r,  centered  at  C},  and  touches 
f  at  two  fsithest  points  RB<ta,f(tiO)  and  SB<t|,f(ls)X 
t*+l<tA<ts-l,  respectively  (see  Fig,  2b).  By  propo¬ 
sition  5,  we  have  f(tA)Bf(tit)Bf(tf >>y,  r*^  Ltr-<sJ  and 
the  center  C}KtR-K,f(tA>-r).  Assume  points 
PB<tr,f(tr))  and  respective 

netghbofs  ofpoinliRistd  A,  and  the  inscribed  max¬ 
imal  sphere  which  touches  points  P  tnd  Q  is  of 
radius  t  md  centered  ct  C|,  then  we  have 
f(V)*f(tQ)«ID6kHlt  *l*t*  or  tji»t*+l,  tq<tA. 
r'a^  L^or^J  center  CiB(tr*f'.f(ta)-r').  Therefore, 
ICiCjU  max  ( ItR+r-tp-r'l,  !f(tA}-r-f(t|»>H'l)  ■  r-r+l. 
Since  ra.^lljHsJi  t’-yLVr'fJ-  immediately  get 
I  CiCjl  >2,  and  titerefore  Cj  is  a  background  cemti. 

By  proposition  7,  every  skeleton  points  Cj  touches  one 
of  the  local  minimum  points  must  be  a  background  center. 
The  translation  of  rB  to  Cs  is  nothing  but  the  inscribed  maxi¬ 
mal  sphere  with  center  at  C:.  Its  top  surface  makes  a  horizon¬ 
tal  baseline  RS  which  passes  the  minimum  point  and  iiuer- 


secu  the  signal  f(t)  at  two  points  R  and  S.  Furthermore,  all 
the  successive  skeleton  points  of  Ci  must  be  background 
centen  since  diey  arc  farther  away  from  Ci  than  Cj.  There¬ 
fore,  every  pixel  undemeaths  RS  (the  shaded  area  on  Fig.  2b) 
will  be  removed  by  the  segmentation  algorithm.  Fig.  2c 
shows  the  tesult  after  background  removal  of  Fig.  2b.  Fig.  2d 
shows  a  more  general  case  which  has  more  than  one  local 
minimum  points.  The  shaded  area  in  Fig.  2d  are  detected  as 
beckground  and  are  to  be  removed  by  step  2  of  the  segmenu- 
tion  algorithm.  Fig.  2e  shows  the  result  of  Fig.  2d  after  sub¬ 
tracting  the  backgiDUKl  offset  by  stq>  3  of  the  segmentation 
algorithm. 

4J.  About  the  Structuring  Element 

The  reason  why  we  chose  the  rectangular-solid  dis¬ 
tance  in  die  pievious  aection  is  simply  because  it  is  suiuble  to 
be  used  u  mentioned  in  Section  3,  and  becauie  it  is  fiat  on  top 
and,  therefore,  easy  to  analyze.  However,  the  computation 
time  aa  well  as  the  segmentation  results  will  be  the  same  by 
using  any  one  of  the  three  distance  measures. 

By  using  these  kind  of  structuring  elemAti,  the  con¬ 
nectivity  of  the  skeleton  may  be  biased  and  the  spatial  locali¬ 
zation  may  be  inaccurata.  However,  our  goal  is  the  segnMota- 
tion  of  bilevel  images,  not  the  representstion  of  the  image 
stnictuiea  by  usmg  the  ikeleton.  These  two  probtema  will  sot 
affect  the  results  of  segmentation,  tinea  the  algorithm  will 
tranafotm  back  to  the  original  signal  shape  by  (9)  after  the 
backgroand  mt  mnovad.  shape  of  the  orig^  signal 
above  the  background  terrain  will  be  preserved  no  matter 
which  one  of  the  itrucoiring  elements  is  used. 

Another  nice  property  of  this  algorithm  is  that  it  uses  a 
fixed  unit-sized  structuring  element  for  all  kinds  of  input 
hnaget.  This  property  makes  the  automation  possible.  In 
additioa  most  morphological  hardware  architecture  imple¬ 
mentations  are  limited  to  a  fix-tizod  strocturing  element 
However,  the  choices  (of  the  shape,  size  and/or  orientation)  of 
the  structuring  elemou  are  varying  in  most  applications  using 
mathematical  morphology,  like  feature  extraction,  edge  detec¬ 
tion,  etc,  depending  heavily  on  the  image  to  be  processed. 
For  exanqtle,  the  choice  of  the  structuring  element  to  extract 
features  depends  on  the  size  of  the  interested  features  and  the 
requirement  of  how  accurate  the  boundary  localization  is.  If 
the  size  of  ihritnicturing  element  is  too  smaU,  noises  u  well 
as  uanecesssy  details  may  be  extracted.  If  it  is  too  large, 
some  small  features  may  not  be  extracted.  Since  our  segmen- 
tatua  algorithm  uaea  the  strocturing  element  only  at  a  dis¬ 
tance  measure,  the  choice  of  structuring  element  is  relatively 
not  critical  and  is  independent  of  the  size  and  the  orientation 
of  die  imagee.  Any  small  size  structuring  element  should  be 
^jpropriate.  No  a  priori  knowledge  of  the  size  of  the  object 
^  tte  orienution  of  the  light  source(t)  is  necessary.  Ttoe- 
fore,  this  segmentation  algorithm  is  robust. 

4.4.  Cotspuison  with  Top  Hat  Transformation 

Top  Hat  Trtnsformatitm  CTHT)  [10]  was  originally 
proposed  by  Meyer  and  was  applied  to  the  extraction  of 


chromatin  in  celTnuclei'  The  tranafoimadon  has  been  used  in 
the  past  for  the  same  kind  of  bilevel  image  segmenution  as 
our  algorithm.  It  is  made  up  of  the  residual  from  the  opening 
by  rB  and  f.  i.e.  f  -  f  rB.  It  is  also  a  kind  of  background 
removal  process  since  f  Q  rB  rqtresents  the  background 
portion  swept  out  by  all  the  transl&ons  of  rB  under  the  umbra 
of  f.  However,  in  THT,  a  simple  opening  operation  with  a 
fixed  size  structuring  element  is  usually  not  good  enough  for 
the  background  removal.  The  difficulties  are  not  only  that  the 
size  of  the  stnicmring  element  is  not  easy  to  determine  (usu¬ 
ally  it  dt^>ends  on  the  size  of  the  object),  but  also  a  fixed  size 
structuring  element  can  not  separate  the  background  properly. 
For  example,  consider  the  1-D  signal  f(t)  shown  in  Fig.  2d. 
Let  At  and  As  be  two  local  minimum  points  of  f(t)  .  the 
inscribed  maximal  sphere  which  touches  At  has  two  farthest 
points  Pi  and  Qi,  and  the  inscribed  maximal  sphere  which 
touches  As  hu  two  farthest  points  Ps  and  Qs.  Assume 
IAs(2sl>IPiQtl-  Then  the  size  of  the  fixed  size  structuring 
element  is  either  2  or  <.^  I  PiQi  I .  In  the  first  case,  if  the  size 
is  2  -^IPiQil,  then  the  two  peaks  in-betweai  PiAi  and  Ai(2i 
can  not  be  separated  because  the  structuring  element  can  not 
touch  the  minimum  point  At  (see  Rg.  2f).  On  the  other  hand, 
if  the  size  of  the  structuring  element  is  less  than  ‘|'IPi(2il. 
then  the  base  under  the  peak  in-between  AsQs  will  touch  the 
small  structuring  element  too  much,  and  will  thus  be  removed 
too  much.  As  a  result,  the  peak  in-between  AiQi  will  be  nar¬ 
rowed  sikI  distorted  (see  Rg.  2g).  Therefore  the  background 
can  not  be  removed  completely  or  the  signal  may  be  altered  in 
either  cate  by  using  a  fixed  size  structuring  elerrient. 

On  the  contrary,  our  segmentation  algorithm  uses  a 
fixed,  unit  size  structuring  element,  which  will  preserve  the 
origintl  shapes  of  all  peaks  (see  Rg.  2e). 

5.  Experimental  Results 

In  this  section,  we  present  some  experimental  results  to 
show  the  performance  of  our  Mgmentation  algorithm.  We 
used  a  simulated  checkerboard  image  under  two  nonuniform 
illuminations  and  two  real  images  for  the  experiments.  For 
the  purpose  of  comparison,  the  images  in  all  experiments 
were  segmented  by  1)  our  algorithm,  2)  a  global  threshold 
selected  interactively  to  yield  ’‘opfimum”  visual  results,  3)  the 
White-Rohrer  algorithm  [14],  and  4)  the  Pavlidis-Wolberg 
algorithm  [6],  The  White-Rohrer  algorithm  has  been  used 
successfully  in  character  extracdon  applicadcos. 

The  simulated  image  is  a  chedterboard  of  size  256  x 
256  pixels.  The  light  rsgioas  have  gray  scale  intensity  40  and 
the  dark  regions  have  gray  scale  intensity  0.  To  simulate  the 
nonuniform  illuminadon  effect,  illuminadon  patterns  were 
added  to  this  perfect  checkerboard.  Rg.  3a  shows  the  check- 
erbovd  image  superimposed  an  illuminadon  pattern  which 
changes  linearly  in  the  x  and  y  direcdoru  plus  a  jump  in  the 
middle  of  the  pattern.  i.e., 

offset(x.y)  =  krx+kj-y+kj'u 

where  k|'s  are  constants  and  ubO,  if  x^  and  ylyo;  us2,  if 
x>xo  and  y>yo:  otherwise  usl.  The  jump  simulates  the  situs- 
don  that  some  pan  of  the  image  are  under  shadow.  Rg.  3b 


Fig.  3:  (a)  Simulated  image  1,  (b)  Result  of  best  thresholding 
of  (aX  (c)-<d)  Result!  of  our  segmentation  algorithm  applied 
to  (aX  by  using  2-D  and  1-D  scan  fashion,  respecdvely.  (e) 
Rerults  of  White-Rofaier{14]  algorithm,  (f)  Results  of 
Pavlidis-WoIbeig[6]  algorithm. 


shows  the  result  of  thresholding  the  imige  in  Fig.  3a.  The 
difficulty  of  thresholding  the  image  is  obvious.  The  image 
shown  in  Fig.  3a  ii  easily  segmented  by  our  segmentadon 
algorithm.  We  applied  it  in  both  2-D  fashion  artd  1-D  row 
scan  fashion,  respecdvely,  and  got  die  same  good  results  (Rg. 
3c  and  Rg.  3d).  Note  that  the  nonuniform  illuminadon  effect 
is  completely  removed. 


Fig.  4a  shows  the  checkerbovd  image  added  to  a 
Gaussian  iPuminadon  paoem,  defined  by 


oSttt(x,y)  M  exp 


-[(x-xo)4(y-yo)^ 


with  a>62.  Fig.  4b  shows  the  result  of  thresholding  the  inuge 
in  Fig.  4a.  Using  ouf  segmentadon  algorithm  in  both  2-D 
fashion  and  1-D  row  scan  fashion,  respecdvely,  we  got  the 
same  good  results  (Rg.  4c  and  Rg.  4d). 


Fig.  5a  shows  a  text  image  of  size  192  x  512  pixels. 
The  data  were  obtained  by  a  vidicon  camera  with  a  nonuni- 
form  lighting  cond**’on.  Thresholding  result  of  the  text  image 
is  also  shown  in  Rg.  5b.  Fig.  5c  and  Fig.  5d  show  the  results 


*ftor  Rgmenution  by  our  tltorithm  uiinj  2-0  fuWon  <nd  1. 
D  Kan  ftshion.  respectively.  Fif.  5e  end  Fig.  5f  show  the 
Mgmenred  renilu  by  the  Whiie-Rohrer  elgorithm  md  the 
Pevlidis-Wolberg  tlgotithnt,  retpecdvely. 

Expcrimenul  renilti  mtng  tool  tmiges  are  ahown  in 
Fig.  6  end  Fig.  7.  Rg.  6«  end  7e  show  two  tool  image*  of  sire 
256  X  256  pixels.  Fig.  6b  and  7b  show  the  results  obtained  by 
global  thresholding.  Rg.  6c  and  7c  show  the  results  after  *eg. 
mentation  by  using  our  algorithm  in  2-0  Kan  fashioo  sstd  Rg. 
6d  and  7d  show  the  results  in  l-D  Kan  fashioa  Rg.  6e  and 
7e  show  the  recuta  by  the  White-Rohrer  algorithm.  Rg.  6f 
«nd  7f  show  the  retultaby  the  PavlkHs-Wolberg  algorithm. 

6.  Dbcoaikm  and  Co^taioos 

We  have  (xopoeed  a  bilevel  image  segmentation  algo¬ 
rithm  by  wing  gray  Kale  morphological  operation*.  The 
morphological  skeleton  transformatioiu  on  binary  images  are 
extended  to  the  gray  scrie  image*,  which  form*  the  basis  of 
om  segmentation  algorithm.  The  segmentation  algorithm 
steletonize*  the  imxil  gray  scale  image  first,  then  check  for 
dtscontinuity  of  skeleton  set.  The  bKkground  due  to  the 
norai^omi  illumination  effect  is  then  removed  according  to 
the  discontinuity  information.  Finally,  a  global  thrreholding 
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is  epplW  to  get  the  proper  Kgmentation  result.  The  algo- 
nthm  is  also  ihown  to  be  better  than  the  best  manually 
selected  global  threshold  under  different  illumination  condi- 
dons.  It  is  also  better  than  a  local  threahold  algorithm  pro- 
posed  by  ^te  and  Rohr»  and  another  algorithm  proposed 
by  Pwlidis  and  Wolbcrg.  A  visual  comparison  from  the 
experimental  re#ulu  leave*  the  tmpreasicn  l>ju  this  segmerua- 
tion  algorithm  running  in  l-D  scan  fashion  can  give  as  good 
results  as  that  runrung  in  2-D  fashion.  However,  the  computa¬ 
tion  time  is  four  times  faster  by  using  I  -D  scan  fashion. 
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ABSTRACT 

Light  scattering  theory  and  plastic  deformation  induced  surface  roughening  were 
studied  in  an  effort  to  provide  some  theoretical  background  to  a  nondestructive,  non- 
contact  plastic  strain  evaluation  method.  Experimental  investigation  shows  that  plastic 
strain  on  the  surface  of  a  metallic  specimen  is  linearly  proportional  to  surface  root- 
mean-square  roughness  and  inversely  proportional  to  surface  profile  correlation  length. 
Utilizing  these  relations  along  with  Beckmann’s  light  scattering  theory,  we  obtained  an 
expression  which  describes  the  scattered  light  intensity  distribution  in  terms  of  plastic 
strain.  This  expression  was  applied  to  plastic  strain  evaluation  and  favorably  verified 
by  some  experiments  on  aluminum  alloy  and  brass  materials. 

INTRODUCTION 

The  phenomenon  that  plastic  deformation  changes  metallic  surface  roughness  as  well 
as  the  scattered  light  intensity  distribution  has  been  investigated  in  the  field  of  experi¬ 
mental  mechanics  for  developing  a  plastic  strain  evaluating  method.*"®  However,  to  the 
authors’  knowledge,  all  the  related  work  in  the  published  literature  are  experimental 
and  there  has  been  little  theoreticalunalysis  relating  plastic  strain  with  scattered  light 
intensity  distribution. 

Obviously,  surface  roughness  is  the  key  factor  relating  plastic  strain  with  scattering. 
Therefore  the  approach  should  be  on  twp  aspects:  the  plastic  deformation  induced  sur¬ 
face  roughening  and  the  roughness  caused  light  scattering. 

In  the  present  work,  the  relation  between  plastic  strain  and  surface  profile  wavelength 
was  experimentally  studied;  Then  these  relations  were  combined  with  Beckmann’s  light 
scattering  theory^  such  that  the  scattered  light  intensity  distribution  was  expressed  in 
terms  of  plastic  strain.  It  is  hoped  that  this  paper  will  provide  some  better  under¬ 
standing  on  plastic  deformation  induced  light  scattering  variation  and  its  application  to 
plastic  strain  evaluation. 


PLASTIC  STRAIN  &  SURFACE  ROUGHNESS 


Study  of  plastic  deformation  induced  surface  roughening  was  carried  out  on  ten¬ 
sile  specimens  made  of  aluminum  alloy  and  brass  materials.  Specimens  were  cut  from 
stock  sheets  along  rolling  direction  and  then  polished  to  an  initial  surface  roughness  of 
approximately  =  O.OS^m,  where  R,  is  root-mean-square  (RMS)  roughness.  After 
being  loaded  on  a  Tinius  Olsen  1000  testing  machine  to  a  certain  amount  of  plastic 
deformation  (measured  by  strain  gage  and  moire  method)  the  specimen  surface  profile 
was  recorded  by  a  system  Ks  shown  in  Fig.l,  where  the  tip  radius  of  the  stylus  of  the  pro- 
filometer  is  S/zm  and  the  surface  profile  was  digitized  at  a  frequency  of  1000  points/mm. 
The  surface  profiles  of  aluminumT  100-00  at  different  amount  of  plastic  deformation  are 
shown  in  Fig. 2.  It  is  seen  that  the  surface  height  variation  increases  while  the  profile 
wavelength  decreases  with  plastic  strain. 


Plastic  Strain  fc  RMS  Roughness 


The  zero-mean  surface  profiles  were  processed  to  yield  the  RMS  roughness  by  the 
following  expression: 


AT 


(1) 


where  N  is  the  number  of  data  point;  /(t)  is  the  discrete  profile  height  at  point;  and 
£  is  the  sampling  length. 


Five  measurements  of  surface  profile  were  taken  at  each  plastic  strain  level.  After 
the  maximum  and  minimum  values  were  eliminated,  the  rest  data  were  averaged  and 
plotted  versus  plastic  strain  as  shown  in  Fig.3  in  which  the  vertical  bars  represent  the 
standard  deviation  of  the  data.  The  relation  between  plastic  strain  and  RMS  roughness 
may  be  expressed  by  a  linear  function  as: 


<r  =  aj 


where  a  is  a  constant.  This  result  confirms  some  early  experimental  work.®'® 


(2) 


Plastic  Strain  fc  Profile  Correlation  Length 


The  profile  correlation  length  is  defined  as  the  lag  length  T  at  which  the  autocorre¬ 
lation  of  the  profile  is  1/e  (0.368)  of  the  zero-lag  autocorrelation  value.  The  value  of  T 
should  satisfy  the  following  condition: 


/(i)  X /(i  T)  1 


(3) 


The  obtained  profile  correlation  lengths  were  processed  by  the  same  method  as  de¬ 
scribed  in  the  above  session  and  the  results  are  shown  in  Fig. 4.  The  relation  between 
plastic  strain  and  surface  profile  may  be  approximated  by: 


T  = 


7 


(4) 


where  is  a  constant. 


The  constants  a,/?  in  the  above  equations  can  be  determined  by  using  the  least 
square  method  to  fit  the  experimental  data.  Tests  carried  out  on  brass  tensile  speci¬ 
mens  show  that  a  w  7/Ltm,  and  /?  «  Q.lbfim. 

In  general,  Eq.2  and  Eq.4  should  take  the  form 

<r  =  07  +  c  and  T  =  —  +  b  (5) 

.  .  '  *  T  +  a 

\ 

indicating  that  the  surface 'roughness  a  and  profile  correlation  length  T  are  finite  at  zero 
plastic  strain  due  to  the  limitation  of  polishing  process. 

Plastic  Strain  fc  Substructure  Size 

Profile  correlation  length  in  general  is  proportional  to  profile  wavelength,  the  magni¬ 
tude  of  which  is  observed  to  be  of  the  order  of  tens  of  microns.  It  might  be  worthwhile 
to  point  out  that  another  plastic  deformation  induced  surface  substructure,  which  is  of 
the  order  of  less  than  ten  microns,  is  related  to  plastic  strain  in  a  similar  way  as  Eq.4. 

According  to  Holt’s  derivation^’!,  the  dislocation  substructure  size  d  is  related  to 
dislocation  density  p  by; 


d  «  (6) 

Applying  linear  regression  to  Chiem  and  Duffy’s  experimental  data*  on  shear  strain 
7  and  dislocation  density  p,  we  get: 

7  =  1.85^^-11.52  (7) 

Substitute  Eq.7  into  Eq.6  and  write  the  resulting  expression  in  a  more  general  form 
as: 


^  d^^  +  q  (8) 

7 

where  p,  q,  Ke  are  constants.  Eq.8  indicates  that  shear  strain  7  is  inversely  proportional 
to  substructure  size  d  which  is  an  analog  to  Eq.4. 

BECKMANN’S  LIGHT  SCATTERING  THEORY 


Beckmann^  discussed  extensively  the  scattering  of  electromagnetic  waves  from  rough 
surfaces.  The  solution  describing  the  scattered  light  intensity  distribution,  also  called 
power-spectral-density  (PSD)  for  some  circumstances,  from  a  square  area  is: 


<  pp*  >=  e"*' 
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where  the  left  hand  side  term  is  the  ensemble  average  of  light  intensity  pp*  which  was 
originally  described  as  a  ratio  proportional  to  the  mean  scattered  power;  A  is  the  area  of 
the  surface  being  illuminated;  T  is  the  profile  correlation  length  and  the  other  variables 
are  defined  as: 


y/g  =  kc{cos  $1  +  cos  ^2) 


(10) 
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-  *  p  _  1  +  cos  cos  O2  —  sin  9\  sin  ^2  cos  9^ 

cos^i(cos0i  +  cos^2)  ^ 

Vx^i  =  k\J sin^  9 1  —  2 ^n  9x  sin  ^2  cos  ^3  +  sin*  ^2  (13) 

where  k  =  2n/X]  A  is  the  wavelength  of  the  light  source  and  9i  is  the  light  incident  angle 
and  ^2»^3  are  observation  angles(see  Ref.[4)  for  dfetail). 

In  practice,  normal  incidence  (^1  =  0)  is  often  used  which  makes  F  =  1  and  u,y  = 
A:sin^2-  Then  Eq.9  can  be  rewritten  as: 

<  pp-  >=  e-«  (pl  +  ^t  4-^-'"“”'’’’'*")  (H) 

This  expression  can  be  extended  to  the  case  of  a  circular  illuminated  area  with  radius 
r,  then  the  area  A  is  jrr*  and 

,  mz) 

Po  —  ^  (15) 

where  Z  =  kr9  and  J\{Z)  is  the  first  order  Bessel  function  of  the  first  kind.  Utilizing 
Eq.2  and  Eq.4,  Eq.l4  can  be  written  in  terms  of  plastic  strain  7  as: 

<■  pp*  g-y  fp2  ^  ( £.\  V  -i — ^-(W*inSa)V<'n7>'\ 
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where 

^/g  =  kaj{l cos  92)  (17) 

Therefore,  the  PSD  function  has  been  expressed  in  terms  of  shear  plastic  strain. 
Once  this  distribution  and  the  necessary  constants  are  known,  then  the  plastic  strain 
can  be  evaluated  by  Eq.l6;  or,  given  a  plastic  strain  value,  its  corresponding  PSD  dis¬ 
tribution  can  be  predicted  (Fig. 5). 

APPLICATION  TO  PLASTIC  STRAIN  EVALUATION 


In  this  part  of  the  discussion,  Eq.l6  shall  be  used  to  predict  the  relation  between 
PSD  width  and  plastic  strain  followed'by  an  experimental  verification. 

Analytical  Approach  ^ 

PSD  width  is  defined  as  the  width  of  the  scattered  light  intensity  distribution  when 
its  value  is  a  certain  fraction  of  its  maximum.  This  width  is  approximately  proportional 
to  the  scattered  angle  9.  In  the  following  discussion,  9  will  be  used  to  represent  PSD 
width.  Denote  the  intensity  ratio  as  W,  we  have: 

,  [*07(H-cosg)P'"  (~k0tin$p/irn't^ 

pp  _  Po  ^  \ri )  ^">=1  m'm _ _  (18) 

<  PP*  >9i=0  1  -f  1 
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The  term  has  been  omitted  because  the  error  it  introduces  is  less  than 

1.0%  for  9  <  4®,  which  is  the  maximum  scattering  angle  observed  in  experiments.  Fig. 6 


shows  the  PSD  width  at  both  W  =  1/2  and  W  =  1/e  versus  plastic  strain.  It  can  be 
seen  that  the  theoretically  predicted  relation  is  approximately  linear. 

Experimental  Verification 

The  linear  relation  between  the  width  of  the  PSD  distribution  and  plastic  strain  was 
verified  by  a  system  as  described  elsewhere.^  An  experimentally  obtained  PSD  distribu¬ 
tion  for  brass  material  is-shown  in  Fig. 7.*  As  can  be  seen,  it  takes  quite  a  similar  form 
compared  to  the  one  (Fig'5)  predicted  by  the  light  scattering  theory.  The  scattering 
in  experimentally  obtained  PSD  is  caused  by  speckle  effects  and  is  believed  to  vanish 
by  taking  an  ensemble  average  on  macroscopically  similar  but  microscopically  different 
surfaces  undergone  the  same  amount  of  plastic  deformation. 

Fig. 8  shows  some  experimental  re'sults  on  the  relation  between  plastic  strain  and  PSD 
width  (1/e).  A  linear  relation,  which  is  in  support  of  the  analytical  result  as  shown  in 
Fig.6,  can  be  clearly  seen. 

DISCUSSION  &  CONCLUSION 

It  has  been  shown  that  metallic  material  surface  roughens  as  the  specimen  under- 
plastic  deformation  in  such  a  way  that  surface  RMS  roughness  increases  linearly 
while  surface  profile  correlation  length  decreases  inversely  proportional  to  plastic  strain 
for  the  material  tested.  The  range  of  validity  of  this  result  is  10%  plastic  deformation 
even  though  a  much  wider  range  was  reported.®’®  The  initial  surface  roughness  plays  an 
important  role  in  the  determination  of  the  constants  in  Eq.2  and  Eq.4. 

No  explanation  can  be  offered  at  this  point  to  the  similarity  between  Eq.4  and  Eq.8. 
The  knowledge  of  the  internal  relationship  of  these  two  equations  may  provide  us  with 
a  better  understanding  of  the  plastic  deformation  induced  metallic  surface  roughening 
mechanism. 

The  expression  for  describing  PSD  distribution  as  a  function  of  plastic  strain  seemed 
to  be  correct.  Comparing  the  analytical  solution  with  the  experimental  data,  we  find 
a  good  agreement  for  PSD  width  method.  However,  we  also  see  some  discrepancy  in 
the  early  stages  of  plastic  deformation  which  may  be  improved  by  using  a  more  general 
model  like  Eq.5.  The  accuracy  of  using  this  technique  to  estimate  plastic  strain  can  be 
improved  by  taking  an  ensemble  average  of  PSD  distributions. 

Further  experimental  development  and  theoretical  investigation  on  plastic  deforma¬ 
tion  induced  surface  roughening  mechanism  may  provide  us  with  a  practical  non-contact, 
nondestructive  method  for  evaluating  plastic  strain.  The  method  has  a  potential  to  be 
used  under  severe  environmental  conditions  such  as  high  temperature  and/or  high  strain 
rate. 
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ABSTRACT 

An  optical-numerical  correlation  technique  has  been  developed  for  detecting  the 
elastic-plastic  boundary  on  the  surface  of  a  material  which  has  undergone  plastic  de¬ 
formation.  Laser  speckle  pattern  produced  from  a  surface  is  measured  before  and  after 
plastic  deformation  which  produces  a  change  in  their  cross  correlation.  The  speckle 
images  are  recorded  and  processed  using  a  computer  based  vision  system.  Experimen¬ 
tal  results  obtained  for  aluminum  alloys  have  demonstrated  the  high  sensitivity  of  this 
method.  A  comparison  with  theoretical  and  finite  element  results  is  presented. 

INTRODUCTION 

It  has  been  known  for  sometime  that  the  surface  roughness  of  material  increases  with 
increase  in  surface  strain  This  is  mainly  due  to  the  process  of  dislocation  movement. 
This  phenomenon  suggests  methods  to  relate  plastic  strain  quantitatively  with  variation 
in  surface  roughness.  Surface  roughness  can  be  measured  by  a  stylus-type  prohlome- 
ter.  But  this  method  tends  to  damage  the  iqaterial  surface  under  examination.  There 
are  optical  techniques  to  quantify  surface  plastic  strain  by  measuring  surface  texture 
parameters.  Some  employed  coherent  light  source  and  obtained  information  about 
surface  texture  from  the  light  beam  reflected  from  the  test  surface.  Others  used  a 
.white  light  source  and  a  computer  vision  system  to  determine  the  plastic  strain. 

In  this  paper  a  nondestructive,  non-contacting  co.mputer  based  method  is  described 
for  the  determination  of  plastic  deformation.  In  particular  the  technique  is  applied  to 
the  determination  of  the  elastic-plastic  boundary  around  central  hole  in  a  plate  of 
finite  width.  The  method  employs  a  converging  laser  beam  which  detects  the  change  in 
surface  roughness  introduced  by  plastic  deformation.  The  diffracted  images  are  recorded 
and  digitized  using  a  computer  based  vision  system  and  a  correlation  technique  is  em¬ 
ployed  to  analyze  the  digitized  images. 
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THE  SPECKLE  PATTERN  CORRELATION  TECHNIQUE 


The  basic  principles  of  the  speckle  pattern  correlation  techniques  is  based  on  the 
phenomenon  that  the  surface  of  a  piece  of  metallic  specimen  roughens  as  it  is  subjected 
to  sufficient  amount  of  plastic  deformation.  Consequently  the  resulting  speckle  pat¬ 
tern  changes  accordingly.  If  g{x)  is  a  function  which  describes  the  surface  of  a  given 
area  before  deformation  and  f{x)  describes  the  surface  after  the  deformation,  the  zero 
shift  cross  correlation  Co{g,  /)»  which  is  a  measure  of  the  resemblance  between  the  two 
functions,  is  defined  as: 

Cc{gJ)=  f  gix)xf{x)dx  (1) 

Normalization  of  Co  yields  the  cross  correlation  coefficient: 


Cc{gJ)  = 


Sroog{x)x-f{x)dx 

Uroo9Hx)dxxsrooPix)dx 


For  digitized  images,  g{x)  and  f{x)  take  discrete  form  and  the  above  expression 
becomes  ®: 

E£,9(0x/(i) 

For  two  dimensional  images  the  expression  for  cross  correlation  coefficient  becomes: 


Ei^.  E£iJ(».j)  X  /(i,;) 


■C,(9.f)  = 


ZiLi  Ejl.  s’(i.  j)  X  E",  Ejl.  /■(•.;) 
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where  5(t, ;),/(*»;)  are  the  discrete  intensity  levels  at  points  t,j  of  image  g  and  /,  re¬ 
spectively  and  M  and  N  are  the  dimensions^)/  the  arrays  g{i,j)  and 


EXPERIMENTAL  PROCEDURES  AND  DATA  ACQUISITION 


Plate  specimens  of  3.2mm  thick  with  a  central  hole  were  cut  from  aluminum  alloy 
6061-r6  in  the  rolling  direction.  The  elastic  modulus  is  72GPol  the  poisson’s  ratio  is 
0.32  and  the  yield  strength  is  275 A/ P,*  The  geometry  of  the  specimvens  are  shown  in 
Fig.l  where  the  h  =  76mm,  a  =  6.4mm  and  R  =  12.7mm.  One  side  of  the  specimen 
surface  was  polished  until  an  initial  roughness  value  of  approximately  Ra  =  0.05/im  was 
obtained,  where  R^  is  the  arithmetic  average  roughness. 


The  specimen  was  loaded  axially  in  a  universal  testing  machine  at  o*  =  0.765£ro, 
where  <r  is  the  remote  normal  stress  along  the  A'  axis,  and  a,  is  the  yield  stnsngth  of  the 
material.  The  loaded  specimen  was  then  mounted  on  a  X-V  translation  stage  which  is 
capable  of  translation  in  each  direction  in  0.006mm  increments. 


The  point  of  interest  on  the  test  object  was  illumijiated  with  a  20mw  He-Ne  laser. 
To  increase  the  resolution  of  the  technique,  the  diameter  of  the  laser  beam  was  reduced 
through  a  system  of  optical  arrangement  consisting  of  a  spMial  filter,  an  aperture,  a 
collimating  lens  and  a  converging  lens  as  shown  in  Fig.2.  The  actual  size  of  the  laser 
beam  directed  on  the  test  piece  was  estimated  to  be  0.05mm.  A  piece  of  ground  glass 
.was  placed  at  a  distance  of  0.8m  from  the  test  object  such  that  the  diffraction  pattern 
was  observed  in  the  Fraunhofer  diffraction  zone  The  diffracted  speckle  pattern  was 
recorded  by  a  digital  camera  placed  at  0.36m  from  the  ground  glass.  The  camera  (reso¬ 
lution  of  256  X  256  pixels,  each  pixel  has  256  gray  levels)  was  connected  to  a  TV  monitor 
and  supported  by  a  computer  which  together  with  the  developed  software  provided  full 


image  processing  and  analysis  capabilities. 

RESULTS  AND  DISCUSSION 

Fig^3  shows  the  diffraction  images  of  the  test  piece  along  the  vertical  axis  (section 
C-C).  Fig.3a  is  the  diffraction  image  in  the  elastic  zone.  As  the  light  source  moves  to¬ 
wards  the  central  hole,  the  strain  level  increases  and  as  illustrated  in  F;».3b  &  3c  there  is 
a  continuous  drop  in  the  sharpness  of  the  images  and  the  image  boundary  becomes  less 
distinguishable.  The  observation  suggests  that  the  correlation  level  of  each  subsequent 
image  will  decrease. 

Fig.4  shows  a  plot  of  the  cross  correlation  coefficient  along  section  C-C.  As  can 
be  seen,  the  initial  images  correlate  well  with  that  of  the  elastic  zone  at  B  and  the 
correlation  coefficient  remains  fairly  constant  over  a  distance  of  approximately  5.4  mm. 
However,  beyond  this  point  (as  indicated  by  point  P)  the  correlation  coefficient  begins 
to  decrease  and  reaches  a  minimum  value  at-the  edge  of  the  hole  where  the  maxi¬ 
mum  plastic  strain  occurs.  The  decrease  of  the  correlation  coefficient  (point  P)  would 
therefore  provide  an  indication  of  the  incipient  yielding  and  hence  the  location  of  the 
elastic-plastic  boundary. 

The  threshold  value  of  cross  correlation  at  which  the  elastic-plastic  boundary  is  to  be 
determined  should  be  chosen  according  to  the  cross  correlation-plastic  strain  calibration 
curve  and  the  definition  of  elastic-plastic  boundary  for  each  specific  problem.  Suppose 
the  elastic-plastic  boundary  is  defined  at  where  the  effective  residual  strain  is  1%;  while 
from  the  cross  correlation-plastic  strain  relation  we  find  1%  effective  strain  corresponds 
to  0.7  cross  correlation  value,  then  0.7  should  be  used  as  the  threshold  to  determine  the 
boundary. 

Fig.5  shows  the  elastic- plastic  boundary  identified  using  the  method  described.  The 
results  shown  are  those  obtained  in  region  A  of  the  specimen  as  indicated  in  Fig.5.  The 
results  obtained  using  the  finite  clement  method  is  also  included.  A  numerical  calcu¬ 
lation  which  assumed  a  state  of  plane  stress  and  adopted  the  von  Mises  yield  criterion 
was  carried  out  using  a  finite  element  package  (ABAQUS  version  4-7-21).  The  solid  line 
represents  a  computed  effective  strain  of  0,01%.  As  can  be  seen  both  the  experimental 
and  computed  results  agree  reasonably  well.  An  attempt  was  also  made  to  compare  the 
above  results  with  those  obtained  using  the  Kirsch’s  solution  for  the  stress  distribution 
around  a  small  circular  hole  in  an  infinite  flat  plate  subject  to  uniform  tension  and 
the  von  Mises  yield  criterion.  As  can  be  seen  the  theoretical  results  (broken  line)  under¬ 
estimated  the  size  of  plastic  zone.  The  discrepancy  is  maybe  due  to  the  simplification 
and  assumptions  made  in  the  theoretical  solution. 

CONCLUDING  REMARKS 

In  this  paper,  it  has  been  demonstrated  that  speckle  pattern  cross  correlation  tech¬ 
nique  can  be  applied  to  the  detection  of  the  incipience  of  plasticity.  In  a  material  which 
had  undergone  elastic-plastic  deformation,  the  method  described  was  able  to  detect 
plastic  strain  of  the  order  of  0.01%.  The  technique  was  supported  by  a  computer  vision 
system  via  which  the  recorded  images  were  analyzed  and  processed.  With  further  au¬ 
tomating  the  technique,  it  has  the  potential  of  being  developed  into  a  practical  tool. 
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Fig.l  Dimensions  and  geometry  of  the  specimen 


Fig. 2  Optical-numerical  set-up 


Fig. 3a  Diffraction  image  of  point  B 


Fig. 3b  Diffraction  image  of  point  P 
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Fig. 3c  Diffraction  image  of  point  Q 
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Fig. 4  Correlation  coefficient  across  the  plastic  zone  (along  section  C-C) 
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Fig.5  Elastic-plastic  boundary  at  (T  =  0.765<ro 
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Abstract 

A  3*D  moment  method  of  object  identification  and  positioning 
is  proposed.  Moments  are  computed  from  3-D  CAT  image  functions, 
2.S  D  range  data,  space  curves  and  discrete  3-D  points.  Objects  are 
recognized  by  their  shapes  via  moment  invariants.  Using  an  alge¬ 
braic  method,  scalars  and  vectors  ate  extracted  from  compound  of 
momenu  using  aebsch-Gordon  expansioa  The  vectors  ate  used  to 
estimate  position  parameters  of  the  objea  Moment  features  of  range 
dau  can  be  used  in  the  view-independent  objea  recognition  when 
the  3-layer  perception  encodes  the  feamte  spaa  distribution  of  the 
objea  in  the  wei^ts  of  the  network.  Objects  ate  recognized  from  an 
arbitrary  viewpoint  by  the  trained  network. 


1.  IntrodualoD 

Moments  have  been  used  in  computer  vision  for  30  years. 
Moment  invariant  feamres  of  images  ate  useful  in  pattern  recogni¬ 
tion.  Various  methods  of  computing  2-D  moment  invariaras  have 
been  proposed  [SU12].  The  evaluation  of  moment  integrals  requites 
a  Urge  amount  of  compuatioa  However,  the  computation  comiHex- 
ity  will  not  hinder  the  use  of  the  motnem  method  in  the  real  time 
computer  vision  system.  The  moment  integrals  can  be  paraileliy 
computed.  Moreover.  VLSI  chips  [IJ  and  hardware  {13)  have  been 
designed  to  compute  2-D  moments  in  real  time. 

In  this  paper,  we  present  Ibrmnlae  Ibf  computing  moments  ofa 
3-D  grey-level  fimcdoo,  of  a  range  image,  of  a  3-D  curve,  and  of  a 
sa  of  discrete  feature  points.  Range  images  are  commonly  used  in 
robotic  vision  appliations.  We  shall  show  that  the  S-D  moment 
Mim,  of  an  objm  in  the  range  image  can  be  considered  the  2-D 
moment  Mim  of  an  image  lunctioo  which  depends  on  the  range 
image  and  the  derivatives  of  that  range  image.  Hardware  similar  to 
those  in  (1][131  may  be  built  so  that  3-D  momem  feature  extraction 
from  the  range  dau  can  be  done  in  real  time.  The  invariant  and  vec¬ 
tor  moment  functions  can  be  constructed  using  our  proposed  method 
[7],  Our  method  is  based  on  the  Gebsch-Gordon  expansion  in  group 
representation  theory  (6)[7].  Moments  are  first  expressed  in  the  basis 


of  spherical  harmonic  polynomials.  They  are  called  complex 
momenu.  Vectors  and  sealers  are  extracted  from  the  compounds  of 
complex  momenu  via  Gebsch-Gordon  expaiuioa  Hi^r  order 
moment  invarianu  can  be  derived  in  this  way.  They  represent  the 
fine  spatial  details  on  the  objecu.  Feature  vecton  conuiiiing  highec 
order  moment  invarianu  have  high  discriminative  power  in  pattern 
classifiadon.  The  vector  moment  functions  can  also  be  used  in  the 
algorithms  of  position  estimation  12][9}, 

The  range  image  is  a  multiview  represeotaiion  of  3-D  objects. 
The  moffiott  invarianu  of  an  objea  in  the  range  image  only 
represent  a  particular  view  of  the  objea  Even  rx>,  the  sa  of  invaiiatt 
features  still  provides  an  elegant  desciipdoa  of  an  objea  in  each 
viewpoim.  A  convex  polyhedron  can  be  represented  by  a  number  of 
Gaussian  peaks  in  the  moment  invariant  feature  space.  Each  peak 
represenu  a  characteristic  view  of  the  convex  polyhedroa  A  smooth 
convex  objea  can  always  be  approximated  by  a  convex  polyhedron, 
so  iu  feature  spaa  distiibution  can  be  approximated  u  a  superposi¬ 
tion  of  Gaussian  distributions.  As  for  non-convex  objects,  one  part  of 
the  objea  may  be  occluded  by  another  part  of  the  objea  Therefott, 
non-convex  objecu  generally  have  rather  complicated  feamie  spaa 
distributions.  Ihuteros  with  multimodal  non-Gaussian  distributioas 
may  fonn  aibitrvay  complex  discoonected  decisioa  regions.  The 
recently  propoaed  3-Uya  perceptroo  netwoft  has  the  capability  of 
classU;^  pttterns  with  arbitisiily  complex  dedsloo  regions 
[8][loj.  This  network  can  be  trained  by  the  back-propagation  algo¬ 
rithm  [10].  We  have  conducted  experimeott  on  both  convex  and 
non-convex  curved  objects.  The  3-D  moment  feanues  of  objecu 
from  all  viewpoims  were  extracted.  These  feanues  were  used  as  the 
training  samples  for  the  inpuu  of  a  3-layer  petaptron  network.  Our 
experimental  resulu  show  that  objecu  cocM  by  moment  invariatx 
feamres  can  always  be  satisfactorily  dasdfied  by  the  3-layer  percep- 
iron  network. 

The  p^rer  is  organized  as  fbllows.  In  Section  2,  we  present  the 
computation  of  3-D  geometric  momenu  of  3-D  grey-level  functions, 
range-data,  ^ua  curves  and  discrete  feature  points.  In  Section  3,  we 
present  the  derivation  of  invariant  and  vector  moment  frmetions 
using  Gebsch-Gordon  expansioa  The  3-D  moment  method  for  pat¬ 
tern  reagnltioo  and  podtion  estimation  is  given  in  Section  4.  The 
experimenul  results  are  given  in  Section  5.  Section  6  concludes  the 
paper  with  a  summary  of  resulu  and  a  few  remarks. 
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The  ten  third-order  moments  are  decomposed  into  two  complex 
moment  multiplets.  Seven  of  the  third-order  complex  moments, 
denoted  by  ( , v? . •  •  • . vf^. conesponding  to  £,*3. 
Another  three’  third-order  complex  moments,  denoted  by 
[  .  vP ,  vf']  corresponding  to  £,*1.  vf  and  vp  are  linear  combi¬ 

nations  of  the  third  order  moments.  These  expressions  are  given  in 
17]. 

Three  moment  invariants  containing  the  second-order  moments 
are  given  below. 

vj* W200  +  Wo20  +  Wo0l)-  (7-3) 

v(22)5-(5)^  {2v^V2*  -  2viv2  ‘  +  (vp)2 ).  a.b) 

11V  ■  (5)'^(niv2*  -  nivf  ‘ + r\M  -  n2''vi + ).  (7.c) 

where  t]  is  a  second  rank  spherical  tensor  derived  from  the  products 
of  vf  in  (6).  rif  « ,’^<2.i  2jn-i  1 2.2.2.m  >vivf^ .  qv  is  a  cubic 

polynomial  of  second  order  moments.  In  [7].  we  have  shown  that  our 
results  in  (7)  agree  with  those  obtained  by  Sadjadi  and  Hall  [11]. 
Two  quadratic  moments  invariants  containing  the  third-ordet 
moments  are  given  below 

v(3,3)^  -  (7)^  [2v^i  5-2vfvi-*+2viv,->-<vf)J].  (8.a) 

v(l.l)5-(3)^(2v/vr‘-<vp)i].  (8.b) 

A  complete  set  of  moment  invariants  containing  the  second  and 
the  third  order  moments  have  been  derived.  Three  vector  moment 
functions  which  are  used  in  motion  estimation  have  also  been  com¬ 
puted.  Explicit  expressions  of  these  moment  functions  can  be  found 
in  [7].  The  advanuges  of  our  approach  is  that  (1)  It  is  a  general  and 
systematic  way  of  deriving  higher  order  rooraem  invariants.  (2) 
sufficient  number  of  moment  vector  functions  for  motion  estimation 
can  be  derived  from  the  second  and  the  third  order  moments.  Vectors 
constructed  from  higher  order  moments  are  too  expansive  to  com¬ 
puted  and  very  vulnerable  to  noise. 

When  each  invariant  moment  feature  is  divided  by  suitable 
power  of  vj,  it  becomes  Invariant  under  changing  of  size.  Those 
siroilinide-invariant  quantities  derived  from  the  moment  invariants  in 
(7)  and  (8)  are  given  below 


,1 .  va2)^ 

Others  derived  from  higher  order  moment  invariana  are  given  in  [7], 
4.  Object  Identifkatlon  and  Position  Estimation 

4.1.  Object  Recognition  using  Moment  Invariants 

The  moment  invariants  of  the  range  image  can  be  used  in  the 
view-independera  3-D  object  recognidoa  Each  view  of  a  convex 
polyhe^n  can  be  represented  by  a  Gaussian  peak  in  its  moment 
feature  space.  The  feature  space  distribution  of  a  convex  polyhedron 
is  a  supeiposition  of  Gaussian  distnbutions  centered  at  a  number  of 
positions.  The  distribution  is  the  superposition  of  Gaussian  peaks. 

-  ‘  JC»)Pj  (9) 


where  Pj{xi,  ■  ■  *  is  the  Gsussian  distribution  whose  panunetm 
arc  the  mean  and  variance  of  the  features.  Pj  is  the  a  priori  probabil¬ 
ity  of  the  th  prototype  view  of  the  object  and  *  1 .  ||| 

A  curved  convex  object  can  be  approximated  by  a  convex 
polyhedron  to  any  precision.  Thus  its  feature  space  distribution 
also  be  approximated  by  (9).  The  non-convex  objects  are  s^b 
occluded.  In  different  viewpoint,  the  self-occlusion  occurs  in^* 
ferent  degrees.  The  feamre  space  distributions  of  non-convex  curved 
objects  are  generally  more  complicate  than  those  in  (9).  The  GaiM 
Sian  classifiers  can  not  classify  patterns  whose  feamre  space  distribB 
tions  are  non-Gaussian.  Nonparametric  techniques  had  been  sug¬ 
gested  to  construct  statistical  pattern  classifier  for  Non-Caussian  dat^ 
[3].  However,  such  techniques  are  severely  restricted  by  the  dimeB 
sionality  of  the  feamre  space.  B 

The  recently  proposed  mulri-layer  feed  forward  neural  network 
has  the  capability  of  classifying  patterns  with  non-Gaussian  featuB 
space  distributions.  A  three-layer  perceptron.  shown  in  Fig.l,  ciB 
classify  patterns  of  arbitrarily  complex  decision  regions  [8][10].  The 
learning  mle  for  perceptron  using  sigmoidal  thresbold  ftmetion  ^ 
called  back-propagation  training  algorithm  [10].  The  algorithm  usB 
the  iterative  gradient  descend  method  to  find  the  weights  in  the  n^ 
work.  The  rules  can  be  summarized  in  three  equations. 

W;i(n-fl)«W;7(rt)+q5;0,  +ot(Wy7(«)-wy,(/i-l))  (lojj 

where  Wji  is  the  weight  and  q  is  the  step  size.  The  last  term  of  the 
above  equation  is  a  momentum  term  which  will  improve  the  convei^ 
gence  of  the  training  process.  The  error  signals  at  the  ouqxit  nod« 

are  given  by  B 

5/ *(0 -<?£)//(««/)  (IIW 


(IIU 

where  tj  is  the  desired  signal  at  the  output  node  J.  The  error  signalB 
at  nodes  in  the  hidden  layer  and  the  input  layer  are  given  by 

02)  J 

The  inputs  to  the  system  are  the  moment  invariant  feanues  extracted* 
from  the  range  data  of  the  object.  The  output  signals  of  the  system 
are  associated  with  the  pattern  classes  of  the  prototypes.  Our  experi-B 
mental  smdy  indicates  that  the  three  layer  perceptron  can  successB 
fully  classify  patterns  with  non-Gaussian  distribudons  when  these 
distribution  profiles  do  not  overlap.  m 

I 

4J.  Position  Estimation  using  Vector  Moment  Functions 

Moments  have  also  been  used  to  estimate  the  affine  transform^ 
parameten  ot  2-D  and  3-D  images.  Cyganski  and  Orr  developed  al 
tensor-based  technique  to  recover  the  affine  transfonn  of  a  2-D* 
image  resulting  fiom  the  orthogonal  projecdon  of  a  rigid  planar 
patch  [2].  Their  method  has  been  extend  to  affine  transfoim  deter-jtt 
mitudon  for  3-D  objects  by  Faber  and  Stokely  [4],  In  the  tensotp 
approach  of  estimating  rigid  body  motion  parameters,  the  roudon 
parameters  is  determined  by  solving  a  system  of  linear  equations— 
containing  three  vector  moment  functions.  The  translation  parame-B 
ters  can  then  be  determined  horn  the  transformation  property  of  theB 
first  order  geometric  moments. 

The  3-D  orientation  can  be  estimated  from  the  principal  axes  olB 
feature  points  in  two  frames.  The  basic  assumption  is  that  the  3-dB 
coordinates  of  a  set  of  feature  points  on  a  rigid  body  are  known  at 


(9) 


International  Coirference  on  Pattern  recognition,  pp.  303- 
305. 1986. 

*»  .  *  * 

D.  Rumelhait  and  J.  McOelland  Parallel  Distributed  Pro¬ 
cessing  Vol.  I  M.I.T  Press,  Cambridge,  MA.  1986. 

F.  A.  Sadjadi  and  E.  L.  Hall, "  Three  dimensional  moment 
invariants,"  IEEE  Trans.  Pattern  Anal.  Machine  Intell., 
vol.  PAMI.2.  pp.  127-136,  Mar.  1980. 

M.  R.  Teague,  "Image  analysis  via  the  general  theory  of 
moments,"  J.  Opt.  Soc.  Amer.,  vol.  70,  pp.  920-930,  Aug. 
1980. 

M.F.  Zakaria,  L.F.  Vroomen.  P.J.A.  2iombor-Murray  and 
J.M.H.M.  Van  Kessel.  "Fast  algorithm  for  the  compuution 
of  moment  invariants".  Pattern  Recognition  vol.  20.  no.  6. 
pp  639-643, 1987. 


•  •  •  Output 


•  •  •  Hiddtn  Ldytr 


•  •  •  Input  L*y«r 


|iii'i'.)«nin3iEtapaimMi 

iMHMOSlgElggJBEMI 

i»MB!aiga3tginiMgs»l 
iMynnigEaiEiKKail 
iMfMCTHgiKDPgidMl 
In;  ■■EEMW3«aKEail 
lni«EC!nBBJgggiKcai| 
lafxwwTyruntnBCElKkMI 
MrUKSaMHOIKEll 


Ttbit  t  Montat  iinnaau  mliMtd  iiiai  tlit 
cantai  ia  iSui  '  '  '  dtlaad  'a  17) 


laanKruciMucaii 

Iw  MEBMEmmUgEJl 
^■a^EQ^lmgmEHJ| 
InnrogiEiiuidafciiJl 
In-WErggcgidagui 
In;  nKTJKHJmugEil 
IwKnniKiniEciTi^^l 
in.T'wtxjiEaigEagal 
|n■■KUKI3^Elg□i| 
ImwtmgngTJTMi 


Tabu  II  Mamaat  iayanaata  af  »t  laiiaca  data 
oa  tbi  raap  iaaft  it  Pi|.ab  atd 
/si , '  '  '  an  dtlaad  it  p|. 


v 

- 

,  - 

• 

' 

fill 


/ 


- '  v  L  ) 


"  ^ 

/ 

V  . 

■  - 

Estimation  of  plastic  strain  by  &actal 


FIE 


Y.Z.Dai  and  F.P.Chiang 

Laboratory  for  Experimental  Mechanics  Research 
SUNY  at  Stony  Brook,  NY  11794-2300 

ABS.TRAC.I 

An  attempt  was  made  to  explore  the  possibility  of  utilizing  fractal  dimension  to  estimate  surface 
roughness  and  plastic  strain  of  metallic  specimens.  The  roughness  and  strain  related  characteristics 
of  specimen  surface  were  revealed  by  laser  speckle  technique  and  related  to  fractal  dimension  in  this 
paper.  Some  preliminary  experimental  results  show  that  fractal  could  be  used  for  the  evaluation  of 
plastic  strain  and  surface  toughness. 

Permanent  strain  in  metals  generally  changes  surface  features  of  the  specimen.  This  phenomenon 
has  been  used  for  evaluating  plastic  strain  The  present  work  is  designed  to  extend  the  inves¬ 

tigation  on  surface  roughness  and  plastic  strain  measurement  by  introducing  the  fractal  dimension 
analysis  method. 

Fractal,  which  abstracts  some  essential  features  of  an  object  and  characterizes  it  by  a  simple 
parameter,  has  a  history  of  only  one  decade  and  it  has  already  generated  wide  interests  in  many  sci¬ 
entific  fields.  In  this  study,  fractal  dimension  is  applied  to  abstract  the  surface  roughness  and  plastic 
strain  related  information  in  the  power  spectrum  of  specimen  surface  by  laser  speckle  technique. 
The  power  spectrum,  which  is  the  diffraction  speckle  pattern  produced  by  an  optical  configuration 
as  shown  in  Fig.l,  of  a  specimen  surface  reflects  the  change  in  surface  textures  caused  by  plastic 
deformation.  It  is  hoped  that  fractal  dimension  can  be  used  as  a  measure  to  detect  this  change  and 
hence  to  estimate  surface  roughness  and  plastic  strain. 

2.  EfiACIALJ^IMEMSIQN 

Fractal  is  defined  as  a  ‘set  for  which  the  Hausdorff-Bcsicovitch  dimension  strictly  exceeds  the 
topological  dimension’  *  or  ‘a  shape  made  of  parts  similar  to  the  whole  in  some  way’  Fractal,  in 
a  sense,  represents  some  essential  characteristics  of  a  somewhat  random  curve  or  a  surface. 

The  essential  part  of  fractal  analysis  is  to  define  a  measure,  which  could  be  length  for  curves, 
area  for  a  surfaces  or  volume  for  three  dimensional  objects,  and  its  relationship  with  a  scale  with 
which  the  measurement  is  taken.  Suppose  we  measure  the  length  of  a  curve  by  covering  the  curve 
with  the  minimum  number  of  squares,  obviously  the  measured  length  of  the  curve  depends  on  the 
size  of  the  square  and  the  smaller  the  square  size,  the  longer  the  measured  curve  length.  If  the 


length  of  the  measured  curve  length  is  denoted  as  L;  the  side  length  of  the  square  is  S  and  the 
minimum  number  of 'squares  needed  to  cover  the  curve  is  N[6)y  then  the  measured  curve  length  is: 

L  =  N{S)’8  (1) 

If  we  measure  the  curve  length  with  different  sized  squares,  a  series  of  curve  length  will  be 
obtained.  Experiments  have  shown  that  the  measured  length  is  nicely  approximated  by  the  formula: 

L{S)  =  (2) 

where  D  is  the  so  called  fractal  dimension  for  curves. 

For  example,  the  fractal  dimension  of  the  coast  of  Britain  in  D  fa  1.3;  while  the  fractal  dimension 
of  the  coast  of  southern  part  Norway  in  D  fa  1.52.  These  two  coast  lines  could  then  be  identified 
by  their  fractal  dimensions.  . 

Fractal  has  found  wide  applications  in  describing  the  nature  such  as  landscape,  coast  line,  clouds 
and  so  on.  It  can  also  be  used  to  generate  objects  which  look  just  like  natural  ones,  A  speckle 
pattern  is  somewhat  random  and  may  be  described  by  fractal  as  well. 


3.  POWER  SPECTRUM  AND  FRACTAL 

When  an  optically  rough  plate  (x,y  plane)  is  illuminated  by  a  narrow  laser  beam  as  shown  in 
Fig.l,  the  power  spectrum  of  the  complex  field  immediately  in  front  of  the  surface  being  illuminated 
would  be  formed  in  the  Fourier  transform  plane  (u,v).  If  a  piece  of  film  or  a  video  camera  is  put 
in  this  plane,  only  the  intensity,  i.e.  the  power  spectrum,  will  be  recorded.  Fig.2  shows  a  power 
spectrum  digitized  and  recorded  via  a  video  camera  and  Fig.3  is  a  plot  of  the  power  spectrum  along 
the  central  cross  section  for  specimens  which  have  undergone  different  amount  of  plastic  deformation. 

Fractal  dimension  may  be  evaluated  in  different  ways  depending  on  what  kind  of  measure-scale 
p»ir  is  used.  Based  on  the  fact  that  landscapes  have  the  highest  amplitudes  at  the  lowest  frequencies, 
a  Fourier  transform  method  was  introduced  The  Fourier  amplitude  (7/  of  a  landscape,  which  is  the 
specimen  surface  illuminated  by  laser  for  our  study,  is  related  to  its  corresponding  spatial  frequency 
/by»: 


C,  «  /-«  (3) 

The  parameter  0  is  related  to  fractal  dimension  D  simply  by  *: 

D  =  2-(3  (4) 

This  means  that  a  Fourier  transform  on  specimen  surface  features  is  needed  and  this  is  exactly 
what  has  been  done  to  the  specimen  surface  by  the  optical  configuration  shown  in  Fig.l.  The  com¬ 
plex  amplitude  A(u,v)  at  the  u,v  plane,  assuming  it  is  sufficient  far  away,  is  the  Fourier  transform 
of  the  amplitude  0(i,y)  immediately  in  front  of  the  object  plane  (x,y)  i-e. 


•*  *  >l(n,t;)= 1  (5) 

where  A  is  wavelength;  L  is  the  distance  between  the  observation  plane  and  object  surface;  and 
C{UyV,  L)  is  a  complex  value  independent  of  x,  y  coordinates.  The  coordinates  u,  v  in  the  observation 
plane  are  related  to  spatial  frequencies  /*,/y  by: 

/.  =  uj\L 

f.  =  v/XL  ■ 

What  can  be  easily  recorded  is  the  intensity,  which  is  what  we  record  on  either  photographic 
film  or  video  camera  at  u,  v  plane.  This  recorded  intensity  is  the  power  spectrum  of  the  surface,  i.e. 

I(u,v)  =  A{u,v)*  A*{uyv)  (7) 

where  j4*(u,t>)  is  the  complex  conjugate  of  >l(u,v). 

The  light  intensity  on  (u,t;)  plane  can  then  be  expressed  as  a  function  of  /,,/y: 

H<i,v)  =  F{f.,f,)  (8) 

This  two  dimensional  equation  can  be  further  simplified  to  one  dimensional  by  averaging  the 
intensity  /(n,v)  along  circles  (/  =  +  /*)  from  the  mirror  reflection  point  which  is  called  the 

centroid  of  the  speckle  pattern.  This  averaging  yields  spatially  averaged  intensity  G/  and  is  based 
on  the  assumption  that  the  surface  roughness  is  isotropic. 

The  complex  magnitude  C/  is  replaced  by  intensity  G/.  The  Gf,f  relation  can  be  easily  ob¬ 
tained  by  digitizing  the  power  spectrum,  processing  it  and  then  using  Eq.3  to  fit  the  thus  obtained 
distribution  curve  by  the  least  square  method.  The  proportional  constant  in  Eq.3  is  irrelevant  in¬ 
dicating  that  the  fractal  parameter  is  independent  of  the  intensity  of  the  light  source  used. 


Fractal  analysis  was  carried  out  on  uni-axial  tensile  specimens  made  of  aluminum  1100-0  and 
6061-T6.  The  specimen  surface  was  polished  such  that  the  surface  scratches  produced  during  the 
manufacturing  process  were  removed  and  the  surface  profile  looked  approximately  isotropic  with  an 
initial  surface  roughness  «  Q.lfim. 

Surface  roughness  was  measured  by  Surftest-402  (Mitutoyo)  profilometer  with  a  tip  radius,  of 
5fim.  The  spectrum  was  digitized  by  a  (71000  Hamamatsu  video  camera  whose  resolution  was  set 
at  256  X  256  pixels  each  with  256  gray  levels.  Plastic  strain  was  measured  by  a  moire'  method.  A 
line  grating  with  a  density  of  300  Ipi  was  printed  on  one  side  of  specimen  surface  while  the  other 
side  was  reserved  for  surface  roughness  and  speckle  pattern  measurement.  Specimen  was  loaded  on 
Instron  1332  testing  machine  to  cause  a  certain  amount  of  plastic  deformation  then  released  from 
it  for  surface  roughness  measurement,  strain  evaluation  and  laser  speckle  pattern  recording  and 


processing. 


The  centroid  of  the  speckle  pattern,  where  the  spatial  frequency  is  zero,  was  found  by  the 
monient  method,  i.e. 


E26S  ^^266  - 

i=l  9i,j 


and 


Yc 


E266  V'jsa  „  V  ,• 

i=l  Ej=l  9i,j  X  J 

r^26S  vJ*®  X. 

2^i=l  9i,j 

where  is  gray  level  at  coordinates  t,j  and  Xe,Yc  are  the  coordinates  of  centroid. 


(9) 


(10) 


The  image  was  then  re-softed  in  such  a  way  that  gray  levels  were  averaged  along  circles  radiating 
from  the  centroid.  The  gray  levels  along  each  individual  circle  were  averaged  to  yield  G/i 


G,{k)  = 


(11) 


where  k  represents  the  distance  from  the  centroid  and  is  proportional  to  spatial  frequency.  The 
gray  level  gtj  was  selected  such  that  i,j  satisfies:  “ 


k  <  y**  +  j’  <k  +  l  (12) 

Fig.4  is  a  series  of  plots  of  Fourier  amplitude  intensity  versus  spatial  frequency  for  different 
amount  of  plastic  strain.  They  indeed  take  the  form  as  described  by  Eq.3.  As  the  plastic  strain 
increases,  the  spectrum  distribution  becomes  flatter  resulting  in  a  decrease  in  and  an  increase  in 
fractal  dimension  D  (£q.4). 


Fig.5  is  a  plot  of  the  unified  fractal  value  versus  surface  roughness  of  an  aluminum  1100-0  spec¬ 
imen.  Fig.6  shows  the  unified  fractal  value  versus  plastic  strain  of  an  aluminum  6061-T6  specimen. 
Fractal  dimension  D  increases  fairly  rapidly  with  respect  to  the  increase  of  surface  roughness  R^, 
in  the  beginning  and  becomes  almost  a  constant  after  lU  becomes  larger  than  Ifim  for  aluminum 
1100-0  specimen.  The  curve  of  fractal  dimension  D  versus  plastic  strain  Sp  is  pretty  much  the  same 
except  that  it  does  not  increase  as  rapidly  as  the  previous  one  in  the  beginning  and  it  saturates  at 
a  plastic  strain  of  about  80%  of  the  necking  plastic  strain  for  an  aluminum  6061-T6  specimen. 


-SUMMARY 

It  has  been  shown  that  the  power  spectrum  of  specimen  surface  in  the  form  of  laser  speckle 
pattern  can  be  characterized  by  fractal  dimension  which  reflects  the  change  in  surface  texture  due 
to  plastic  strain.  Fractal  dimension  method  could  be  used  to  evaluate  surface  roughness  and  plastic 
strain.  Among  the  many  measure-scale  pairs  we  tried  for  this  study,  the  intensity-frequency  pair  is 
the  best  as  far  as  relating  fractal  to  plastic  strain  or  surface  roughness  is  concerned. 
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Abstract 


Objecu  in  the  range  image  are  represented  by  attributed  graphs.  The 
nodes  of  the  graphs  are  smooth  surface  patches  on  the  objects,  which  are 
attributed  by  the  invariant  features  extracted  Crom  the  sur&ce  of  these 
patches.  A  scalar  graph  distance  measure  for  the  semantic  and  structural 
differences  between  the  graphs  are  then  computed.  The  dhunce  measure, 
guides  the  object  inference  and  groups  surfaces  in  the  range  image  into' 
objects.  A  minimum  distance  classificstioo  scheme  is  proposed  for  the 
recognidon  of  objects  in  the  range  image. 


1.  Introductioa 

Object  recognition  is  important  in  Computer  Vision.  In  many  practi- 
cal'situatioos,  the  objecu  to  be  recognized  have  complex  structures.  A  use¬ 
ful  representation  of  such  objecu  is  to  decompose  it  into  Ampler  subpat- 
terns.  Each  subpattem  it  considered  a  primitive  entity  which  U  described  by 
iu  features.  The  structural  relationships  among  those  subpattems  are 
represented  by  certain  dau  structure.  In  this  paper,  we  use  the  attributed 
graphs  to  represent  objea  prototypes  in  the  range  data.  Euclidean  invariant 
features  extracted  from  sutlkes  are  used  to  describe  the  nodes  in  the  graph. 
The  proposed  object  representation  is  a  muldview  rqtresenution.  Objwu  in 
the  scene  are  recognizi^  by  matching  their  attributed  graphs  with  those  of 
models.  Our  graph  matching  algorithm  will  compute  a  scalar  distance  meas¬ 
ure  which  rqnesenu  the  semantic  and  structural  differences  between  graphs 
[1][11].  The  decision  making  in  pattern  recognition  U  based  on  the  graph 
distances.  It  classifies  objecu  into  model  categories  and  inqwa  the  defecu 
and  distortions  on  the  surfaces  of  the  objects. 

In  the  literature,  various  structural  pattern  recognidon  methods  have 
been  proposed  for  range  dau  recognidoa  Some  used  rigidity  constrainu  to 
guide  the  matching  of  primidve  feanires  of  the  objecu  (2][4][10].  Others 
constructed  the  attributed  hypergraph  representation  for  objecu  and  deter¬ 
mine  graph  mooomocphto  between  the  hypergraphs  for  object  recognidon 
[13].  Our  objea  desertion  is  insensidve  to  coordinau  transformation  and 
stible  agaiiat  changing  of  viewpoinu.  Our  recognidon  system,  which  uses 
'an  infor^ve  paph  distance  measure  for  objeM  inferetKe  and 
classificadon,  is  robu^  In  particular,  it  provides  lueful  information  when 
there  are  defecu  on  the  visible  surfaces. 

In  our  approach,  the  range  diu  ate  first  segmented  into  smooth 
regions  which  are  enclosed  by  labeled  edges.  The  smooth  regions  on  the 
surfaces-of  the  objea  form  the  nodes  of  the  graph.  The  quadric  surfke 
parameter  are  estimated  £rom  the  range  dau  of  each  smooth  region.  The 
nodes  ate  attributed  by  invariant  features  computed  from  these  parameters. 
They  are  recognized  by  sutisdcal  pattm  tecogmdon  method.  The  attri- 
.  bmed  graph  representing  a  prototype  view  of  a  model  object  is  then  coo- 
sttucted  by  connecting  adjacent  region  nodes  which  ate  visible  bom  that 
view. 

The  attributed  graph  of  range  data  representing  a  scene  is  denved  by 
a  different  procedure.  A  ^ph  is  first  constructed  by  connecung  adjacent 
regions  in  the  range  dau  separated  by  convex  crease  edges.  The  connected 
components  of  this  graph  are  then  extracted.  We  examme  each  connected 
component  and  connect  region  nodes  which  are  separated  by  concave 
crease  edges  The  resulting  connected  aitnbuted  graph  represents  a  3-D 
view  of  an  elementary  object  m  the  range  data.  We  shall  merge  adjacent 
elementary  objects  mto  a  composite  object,  u  each  of  them  mai,...»a  to  the 
same  prototype  and  the  composite  object  is  ^losa  lo  Jie  prototype  than 


those  elementary  ob^u.  We  shall  illustrate  by  examples  that  the  graph  dis¬ 
tance  is  very  effective  in  object  inferencing  and  grouping  visible  surface 
patches  into  objects. 

This  papa  is  organized  as  follows.  In  Section  2,  we  discuss  our  range 
dau  aegnuntation  algorithm.  In  Section  3,  we  discuss  our  method  of  qua¬ 
dric  surface  parameter  estimation.  In  Section  4,  we  discuss  the  algorithm  of 
attributed  graph  matching  and  the  calculation  of  graph  distance  measure. 
Expetimenul  resulu  are  presented  in  Section  S.  Section  6  contains  our  con¬ 
clusions  and  remarks. 


2.  Range  daU  acgucnutlon 

The  range  dau  are  first  segmented  into  uniform  regions.  There  ate 
edge  detecton  which  can  label  the  edge  pixels  on  the  range  images  (3][S]. 
However,  complicated  edge  linking  procedure  must  be  used  to  group  edge 
pixels  into  region  boundaries.  We  use  a  region  based  segmenution 
approach  [8],  Our  proposed  range  dau  segmenutioo  algorithm  hu  four 
steps.  These  are  spUt-and-merge,  region  grouping,  large  region 
growing/nuU  region  elimination  and  postptoc^g.  The  algorithm  is 
described  by  a  fioM  chart  in  ng.l.  The  range  image  is  initially  represented 
by  a  quad  tree.  Each  node  of  tte  quad  tree  is  a  square  image  block  marked 
by  the  coordinates  of  the  lower  left  comer  and  the  size  of  the  square.  The 
itruge  dau  in  each  block  is  assumed  to  be  a  square  patch  of  the  bivariau 
polynomial  surface.  The  order  of  the  polynomial  surface  depoids  on  the 
size  of  the  block.  The  root  mean  squared  error  between  the  inuge  dau  in 
the  block  and  the  interpolated  value  at  each  samplini  point  is  computed  and 
stated  in  the  node  of  the  quadtree.  The  merging  phaw  prece^  the  splitting 
phase.  During  merging  process,  four  sibbling  nodes  are  merged  into  a 
parent  node,  if  the  ima^  dau  in  the  parent  node  can  be  approximated  by  a 
bivariau  surface.  We  then  recursively  split  each  nonunifotm  image  block 
into  four  quadranu  until  each  quadrant  is  either  unifbnn  or  iu  size  is  leu 
than  a  pte^termined  threshold  value.  We  subsequently  merge  non-sibbting 
nodes  in  the  quad  tree.  A  block  will  merge  into  an  adjacent  block,  if  both 
blocks  are  uniform  and  there  is  no  discontinuity  of  de^  along  and  acroa 
thek  borders.  Moreover,  the  surfue  curvaures  and  orientations  of  these 
two  blocks  should  be  compatible.  The  region  adjacent  graph  (RAG)  is  gen¬ 
erated  after  this  region  grouping  operatioo.  The  large  r^ons  in  the  seg¬ 
mented  image  are  flirst  contracted  and  then  expended.  Small  regions  in  RAO 
which  usv.’’Jy  reside  on  edges  of  objecu  will  merge  into  the  nearby  large 
regions.  The  adjacency  relation  of  the  nodes  in  RAG  is  tqrdated  in  the  pro¬ 
cess  of  small  re^on  elimination. 

The  segmented  imsges  usually  look  too  fragmenttry.  A  smooth  sur¬ 
face  patch  in  the  range  image  is  often  segmented  into  several  pieces.  The 
RAG  which  contains  many  nodes  and  adjacency  relations  is  not  readily 
suitable  for  stntctural  pattm  recogmtioa.  The  over  segmentation  u  due  to 
the  fact  that  the  bivariau  polynomial  approximation 

Z(xot)*  £  Att,QmOi)Q»(y)  used  in  the  uniform  piedicau  is  only  a 

local  approximation  of  curved  surfaces.  The  curved  surfaces  are  globally 
approximated  by  the  quadne  surface.  The  bivarute  polynomial  approxima¬ 
tion  u  used  to  measure  the  uniformity  of  each  unage  block  m  the  recursive 
split-and-merge  process,  because  it  hu  low  compunmoo  complexity.  The 
RAG  repiesenung  the  over  segmented  range  image  u  further  processed  by 
nonrecursive  region  mergmgs.  The  quadne  parameters  m  each  l^led 
regions  are  estimated.  Adjacent  regions  with  sumlar  quadne  parameien  are 
merged.  As  a  result,  the  processed  RAG  has  less  number  of  nodes  and  adja¬ 
cency  relations.  Finally,  the  labeling  of  each  pixel  on  the  region  boundary  i$ 
determined  by  computing  the  curvature  property  m  the  neighbuihoud  of 


that  pixel.  The  concave  crease  edges  correspond  to  the  posinve  curvature 
extrema.  The  convex  crease  edges  correspond  to  the  negative  curvature 
extrema. 

3.  Surface  Patch  Descriptieu . 

In  this  section,  we  shall  give  a  detailed  discussion  of  the  surface 
parameter  estimation.  Our  surface  parameter  estimation  is  represented  by 
the  diagram  in  Fig.2.  A  planarity  test  is  first  performed  on  each  smooth 
region.  A  region  is  planar,  if  the  smallest  eigenvalue  of  the  varia,ncc  matrix 

D  "  ■'  (1) 

is  less  than  a  threshold  vtdue.  In  (1),  x  is  the  mean  of  the  vectors  St,  and  N 
is  the  number  of  sample  points  on  the  patch.  The  surface  normal,  tf,  is 
parallel  to  the  eigenvector  corresponding  to  the  smallest  eigenv^ue  of  D 
and  pointing  toward  the  viewer.  The  di^ance  between  the  origin  a.nd  the 
plane,  d ,  is  determined  by 

d—v^x  m 

The  area,  the  second  order  3-D  moment  invariants  [6117]  and  the  normal 
vector  of  the  planar  patch  are  used  as  its  attributes,  if  a  regioit  is  classified 
as  nonplanir.  then  it  is  assumed  to  be  quadric.  The  quadric  surface  is 
described  by  the  following  quadratic  equation  which  contains  ten  parame¬ 
ters. 

A(xo',*)*x’‘Ax+v^x+d«0.  (3) 

where 

an  di/'S  ajjWJ 

A  ■  aij^  a  a  ojjW2  W 

aijrS  aj/fi  Oil 

The  quadric  parameters  can  be  derived  from  the  sampled  data  by  minimiz¬ 
ing  the  sum  subjected  to  the  invariant  constraims  on  these 

patameten.  The  constraints  will  eliminate  the  imdesired  solution  where  all 
'parameten  ate  zero  idendcally.  Parameter  estimation  using  quadratic  coo- 
straint  rr(AA  >*1  is  robust 

The  six  coefficients  in  matrix  A  cotiesponding  to  the  smallest  eigenvalue  of 
tbe6x6matrixfi-^D’'C'.wherefi,C,D  are  the 6x6. 6x3. 3x3 matrices 
in  the  correluioa  matrix  Af  defined  as  follows. 


C,-[xi*-x*.y,^-y*.  ri*-r*.'/2(x,yi-xy ). 


The  3x3  matrix  D  is  the  variance  matrix  in  (1).  Once  the  coefficients  in  A 
are  Irown,  the  linear  and  the  constant  coeffi  mts  of  the  quadric  surface 
can  be  determined.  The  principal  values,  which  are  the  eigenvalues  of  the 
symmetric  matrix  A .  are  Euclidean  invariant  features.  Qua^  surfaces  can 
te  classified  by  their  principal  values. 

Each  node  of  the  attributed  gnph.  which  represents  a  surface  patch, 
contains  the  following  infoimatioct 

(1)  surface.type; 

(2)  invariantjeatures ; 

(3)  Surface  orientation;  (normal  vector  for  planar  surface,  symmetry  axis 
for  cyliodricalsurfice,  principal  axes  for  general  quadric  surfices) ; 

The  surface  equation  of  a  region  containins  too  small  number  of  pixeb  can 
not  be  correctly  estimated.  Such  small  regions  can  be  textures  or  defects  on 
the  objects.  Nodes  corresponding  to  smsll  surfaces  will  not  be  auributed  by 
numoical  features.  They  are  only  characterized  by  the  surface  type  'small*. 
Nodes  corresponding  to  dujoint  regions  on  a  sphere  or  a  cylinte  will  be 
dmcribed  by  the  same  set  of  surface  parameters.  These  nodes  will  be  dis¬ 
tinguished  their  adjacency  relations  to  neighboring  regions. 

When  s  non-symmetiic  3-D  object  is  in  two  different  orientations,  the 
rotation  parameten  can  be  determined  by  the  normal  vecton  or  symmetry 
axes  of  surfaie  patches  on  the  object.  However,  if  the  object  is  symmetnc, 
there  can  be  more  than  one  candidate  rotation  matrix.  There  is  no  need  to 
establish  feature  pomt  correspondence  m  onenumon  esamauon  usuig  sur¬ 
face  parameters.  Therefore,  this  approach  is  computanonal  economic.  The 


computed  rotation  matrix  will  impose  orientation  constraints  in  the  laterB 
graph  matching  process.  ■ 

Each  surface  on  the  model  objects  will  be  associated  with  a  discrim¬ 
inant  function  of  invariant  features.  A  surface  patch  in  the  scene  wilt  be 
identified  with  a  surface  on  the  models,  if  the  value  of  the  discriminantH 
function  of  that  prototype  surface  is  la^er  than  those  of  all  others  and! 
greater  than  a  predetermined  threshold  v^ue.  However,  in  order  to  handle* 
occlusion,  we  identify  a  planar  surface  in  the  range  data  which  can  not  be 
recognized  by  discrirninant  functions,  with  all  planar  surfaces  on  the  modelM 
whose  area  is  larger  than  its.  The  ^ph  match'mg  procedure,  using  odenu-l 
lion  constraint  and  adjacency  relation  of  nodes,  will  recognize  the  paitiallyS 
occluded  planar  surfaces.  Mureover,  when  large  number  of  training  samples 
are  available,  the  parmeters  in  the  discrimmant  function  can  be  determined— 
by  the  means  and  variances  of  the  feature;.  ■ 


4.  Graph  MatchJag  and  Scalar  DittaBCC  Measure  ■ 

Infonnative  distarx  measure  of  attributed  graphs  is  useful  for  coffl-l 
puter  recognition  of  3-D  objects.  In  the  foUowing,  we  shall  formulate  the 
gnph  matching  u  a  goal  state  searching  procec;.  A  state  space  representa¬ 
tion  is  contmicted  fiw  two  given  graphs.  Thu  'gool*  state  represents  anjK 
optimal  subgraph  matching  between  these  two  gnqihs.  The  distance  meas-l 
ure  is  systeouuically  computed  by  a  stase  space  searching  algorithm  [9].* 
Distance  between  unmatched  gnqjhs  is  infinite.  TTie  distance  between  two 
matched  gnqihs  is  finite  and  is  a  quantitative  measuit,'  of  the  semantic  and 
structural  differences  between  the  graphs.  The  guieial  expression  of  tbeB 
finite  distance  measure  is  given  as  P 

D  (G  .O')  ■  AiO  +  ^w/y(xj  jEjO  +  .X/'). 


where  N  is  the  number  of  matched  nodes  in  the  two  graphs.  The  matched 
nodes  must  be  of  the  same  surfice  type  and  described  by  the  same  set  of. 
numerical  featutea.  Their  primitive  defonnatioo  measure  /.Cxi.Xi')  is  a  I 
tymmeoie  fimetion  of  the  feature  vecton  of  the  nodes.  If  the  statistical 
discriminant  functions  are  used  in  surface  classification,  the  conesponding 
primitive  deformation  measures  am  defined  by  the  following  equation 


1-exp^  ^ 


where  c'/s  are  the  standard  deviations  of  the  invariant  features,  and  c.  is  a 
normaUzation  constant  The  positive  weight  constant  d»  in  (6)  depends  on  B 
the  degree  of  the  nth  maich^  node.  Nodes  with  larger  degreea  are  moreK 
heavily  weighted.  The  weighu  wij  and  w/y  are  the  contributiona  from  the  * 
unmatched  branches  xt,x/ and  XT ,z/' in  G  and  (T,  respectively.  The  stroc- 
tural  distortion  measure  of  each  unmatched  branch  dqiends  on  the  surface  p 
types  and  the  attributes  of  the  two  nodes  of  the  branch.  The  distortion  meas-  fl 
ure  of  an  unmatched  btinch  connecting  two  large  surface  patches  has  lobeB 
1  large  number  ( its  order  of  magnitude  is  ten  or  hundred,  if  c.  <■  1).  On  the 
}ther  hand.  The  distottion  measure  of  an  unmatched  branch  connecting  _ 
small  surface  to  a  large  surface  or  another  small  surface  will  be  a  small  B 
lumbtf  ( its  order  of  magnitude  is  one  tenth).  P 

For  any  given  node  of  an  attributed  graph,  we  define  the  basic  attri¬ 
buted  graph  (BAG)  at  this  node  to  be  a  one  level  tree,  whose  root  is  the 
given  node,  and  whoee  leaves  are  nodes  adjacent  to  it  (1).  We  derxxe  ihep 
BAG  at  node  /!<  at  Gi.  Our  approach  of  maa^g  two  AG's  G  and  G',  is  to  ■ 
progressively  reconstruct  the  grrqihs  firom  their  BAG'S.  This  process  of" 
reconstruction  has  a  state  space  repr^tation  [1][12].  A  labeled  state  of 
the  state  space  denotes  the  reconstruction  of  a  subgraph  firom  graph  G  and  a. 
subgraph  boro  pipb  (3' ,  as  well  as  the  matching  of  their  respective  BAG'S,  p 

The  initial  state  of  the  space  contains  a  pair  of  empty  graphs.  Each  succes-B 
sor  of  the  initial  stale  contains  a  pair  of  matched  BAG'S  whose  roots  are  not 
small  surfaces.  The  mstching  condition  of  two  BAG'S  is  the  following.  The 
surfaces  of  the  toot  nodes  in  the  BAG'S  must  be  of  die  same  type  and  they  ■ 
are  identified  to  be  the  same  surfaces  by  their  numencal  features  usingp 
discriminant  ftiKtioos.  Moreover,  when  the  surfaces  are  not  ^hencsl,  the 
relative  orientation  of  these  surface  patches  are  computed  &om  their  princi¬ 
pal  axes.  The  surfim  of  the  leaves  m  the  BAG'S  are  then  pairwiselyp 
matched.  In  addition,  the  relative  onentauon  of  the  matched  leaf  nodes  ■ 
should  be  consistent  with  that  of  the  root  nodes.  All  leaves  whose  surface* 
types  are  not  “small*  must  have  their  matched  partners  Excepoons  are 
those  in  one  of  the  BAG  which  contains  more  leaves  representing  large  sur-  _ 
faces  than  the  other.  The  distance  between  G»  and  G»'  is  defined  as  p 
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(xiA')  +  2h-(4:,a)  + 
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of  G»  and  * i'  is  the  root  node  of  G»'.  A  general 
*?/*"*  contains  an  ordered  list  of  root  nodes  of  the  matched 
Kn  1^  t7.(«2.n20.  ■  •  which  is  called  the  cote  of  the  oijtf 

**'*  '**''**  Gt'  whose  roots  are  the  last  eie- 

SSUSStf  ^ 

The  rule  of  state  expansion  is  as  follows.  A  pair  of  nodes,  denoted  by 
Wifl; m  selec^  from  the  terminals  of  the  state,  which  are  not  sma" 
surfaces.  If  (/iijin  u  not  in  the  cote  and  their  BAG’S  Gi,  Gi'  are  m!nrhfd~ 
then  a  succ^  of  the  present  state  is  constructed  by  appending  the  pair 
{ni^i^  to  the  core,  and  replacing  the  old  termiruls  by  the  leaves  of  Gi  Gi' 

iirSf  with  the  arc  which  connecu  the 

TV*  2"*^  successor.  The  cost  is  the  distance  measure  d(Gi,Gi') 

wnsition  rule 

tl«  tte  topotogy  of  the  state  space  is  a  tree.  We  define  the  goal 

of  ei±er  G  or  G\  or 

^  of  them.  Two  grap^  G  and  C' are  matched,  if  there  is  a  directed  path 

m  the  se«h  ^  that  connects  the  initial  state  to  the  goal  state.  The  graph 
dfstan«  3  defined  to  be  ^  minimum  cost  of  such  paths.  On  the  other  hani 

If  C  end  C' are  not  matched,  the  graph  distance  is  incite. 

7^  ^P*>  distance  can  be  efficiently  calculated  by  the  following 
'lata^lirected  state  sp«:e  searching  algorithm.  louowmg 

Algorithm :  Graph  Distance 
Input: 

(1)  Attributed  graph  C  of  the  model 

(2)  Attributed  graph  G'  of  an  object  in  the  scene 

(3)  Pwimeters  for  the  discriminant  functions  and  deformat^ 

Output: 

Graph  distance  between  C  and  O' 

Method: 


(1] 

t2] 

[3] 

[4] 

[5] 

[6] 


m 


Identify  node,  in  C  with  nodes  in  O' using  discriminant  ftincdoni 
Ihit  the  Wtial  state  on  a  list  caUed  HEAP,  and  set  griph_distanM^ 

If  HEAP  is  empty,  exit  and  return  graph_distance  ■  INFINITE 
cSS  j£deT  ^  gnph-distance  is  the  smallest 

If  n  is  a  goal  state,  exit  and  return  graph_distance. 

Expand  node  n ,  generating  all  of  its  successors.  If  there  me  nn  am 
wssors,  exit  and  reiun,  grar1_distanceTSli.^eS  SS-' 
s««^  compute  us  graph.distance  by  graph  . 

■‘‘if  «  Se^  recently 

s.  ^t  these  successors  on  HEAP,  and  associate  tte 
graph_distancc  with  them.  «w;i«e  me 

Goto(2J. 


sphencal  surfaces)  of  the  objects  in  the  scene.  P*""  patches  and 


5.  Experimental  rcsalta 

sytorn^T^^SlLSri^  l»«u*ge  and  ran  on  VAX  11/780  undoUNDC 

syaem.  The  IMSL  Fortran  routinei  LINV2F  and  LSVDF  were  called  Kv 

p.aSS2SfS&B§ 


graph  whose  nodes  m  “"age  and  its  attributed 

tne^g  of  the  graphs  of  the  elementary  objects  will  reduce  the 
wntnbution  of  structu^  distortion  to  the  graph  distanw.  This  suggest  that 
wmponents  m  Fig.4(b)  should  merge  into  one.  Our  algo^un  can 
successfully  recogniM  objects  in  a  complex  scene.  The  scene*in  Fig.5fa) 
COTtains  syntheoc  objects  of  a  ^here,  two  cylinders  and  a  polyhedron  ( a 
wedge  on  top  of  a  block ).  Three  planar  surfaces  of  the  polyhedral  objects 

polyhedron  is  given  in 

^  have  different  moment  invariam 

itd  i;  SliiS  orien. 

ww  me  wjacency  relation  constraints  to  eliminaie  th^  r>iw 

pwiroeten  and  other  int^ 
f^eamrm  of  each  smooth  region  in  the  range  data  were  computed.  TIm  nhtMT 

of  tte  two  objects,  are  shown  in  Fig.8.  EaS  granh 
a  little  more  time.  ““  exmenon  procedure  often  look 


4.  Coodnaktti 

nniM  P”**"*  •»  attributed  graph  representation  for  the 

recognid^  sn^yzing  segmented  range  data  for  object 

recoguooo.  The  nodes  of  the  attributed  gruhs  are  the  symbolic  remw^ 

UM  of^  smooth  regions.  Nodes  representing  planes  are  described  by  their 

'i  "  •  ««hing  problemhi  a  sta^ 

5p*cc.  Tlic  paph  distance  bet¥/eea  two  graphs  is  riinfUya^ri  ky  sl*  .mifrwm 

22  SSfrJ’*  •ST?  “  •S'” 


Refereacc 


[1] 

[21 

(3) 

[4] 


^  ^or  image 

"0^ 

01).  Faugetas  and  M.  Hebert, '  The  representation,  recognition 
and  poauoning  of  3-D  sha^  from  range  data,"  in  Tfve<  Dimen 

Vi  ^,1  hl®diom,  and  R.  Nevada.  ’  Segmented  Dcscriotiont 

?27.?38^S?^87^"^ 

®"‘l  R-  Nevana.  "Recognizing  3-D  objects 
“Sing  surface  desenpuons."  IEEE  Trans.  Pattern  Anal  MachtS: 


Itaell.yol  11,  No.  11.  pp.  1140.1157. 1989. 

{51  S.  Inokuchi,  T.  Niu,  F.  Matsuday,  and  Y.  Sakurai,  ”  A  three 
dimensional  edge-region  operator  for  range  pictures,”  in  Proc.  6ih 
int.  Cortf.  Pattern  Recognition,  Munich,  West  Germany,  Oct  19- 
22.l982.pp.918-9m 

[6]  C.H.  Lo  and  ES.  Don  "  3-0  moment  forms  :  their  construction 
and  application  to  oltject  identification  and  positioning,'  in  IEEE 
Trans,  on  Pattern  Anal.  Mach.  ImelL  voL  PAMI- 11,  pp.  1053- 
1064,  Oct.  1989. 

[7]  C.  E  Lo  and  E  S.  Don.  "Pattern  recogniticn  Using  3-D 
moments",  to  appear  in  Proc.  of  the  l(fth  International  Conf.  on 
Pattern  Recognition  (ICPR),  Atlantic  City,  New  Jersey,  Jurve  16- 
21. 1990. 

[8]  C.  H.  Lo,  "Range  dau  recognition  using  3-D  invariant  features”, 
PtuD  dissertation.  Dept,  of  Elect  Engin.  SUNY  at  Stony  Brook. 
1990. 

[9]  NJ.  Nilsson  Problem  Solving  Methods  in  Artificial  Intelligence. 
New  York:  McGraw-HiU.  1971. 

[10]  M.  Oshima  and  Y.  SHirai,  "Object  recognition  using  three- 
dimensional  information",  IEEE  Trans.  Pattern  Anal.  Machine 
intelL  vol.  3,  no.  4,  pp.  353-361, 1983. 

[11]  A.  Sanfeliu  and  K.S.  Fu, "  A  distance  measure  between  attributed 
relational  graphs  for  pattern  recognition,"  IEEE  Trans.  Syst.,  Man, 
Cybem.,  vol.  SMC-13.  no.  3.  pp.  353-362.  t983. 

[12]  W.  Isai  and  K.S.  FU.  "Subgr^  error^orreciing  isomorphisms 
for  syntactic  pattern  recognition",  IEEE  Trans.  Syst.,  Man, 
Cybern.,  vol.  SMC-13,  no.  1,  pp.  48-62. 1983. 

[13]  A.  Wong,  S.W.  1ji  and  M.  Rioux.  "Recognition  and  shape  syn¬ 
thesis  of  3-D  objecu  based  on  aoributed  hypergraphs".  IEEE 
Trans,  Pattern  Anal.  Maehlr,e  IntelL,  voL  11.  no.  3.  pp.  279-290. 
1989. 


Rantehmt* 


Pattern  ReoofnWen  OeeWen 
A  0.  apt!  Oiatanca  Maatura 


I 


Fig.l 


Fig.4(b) 


Fig.5(a) 


Fig.5(b) 


This  work  was  supported  by  the  National  Science  Foundation  under  Grant 
IRI-87 10856  and  U.S.  Amy  Research  Office  under  Contract  DAAL 
0388K(X)33. 


^/7 


The  Application  of  Laser  Speckle  Interferometry  to 
Measuring  Strain  and  Strain  Rate  Under  Dynamic 
.  Loading  Conditions 

J.F.  Enulie* 

J.L.  Green* 

S.C.  Chou* 

P.K.  Giiptn’ 

F.P.  Chinng' 


1  Abstract 

This  report  investigjites  the  Application  of  speckle  interferome¬ 
try  for  the  measurement  of  strain  when  a  material  is  subjected 
to  various  loading  rates  and  elevated  temperature  conditions. 
In  Stage  1  of  the  experiments,  an  Olsen  testing  machine  at 
SUNY  Stony  Brook  is  used  to  conduct  uiiinxial  tension  tests 
at  strain  rales  on  the  order  of  10'*  sec'K  The  Medium  Strain 
Rate  Facility  at  the  Army's  Materials  Technology  Laboratory 
in  Watertown,  Massachusetts  is  used  to  conduct  uniaxial  ten¬ 
sion  tests  at  strain  rates  of  10"^sec*'  to  10'*sec*',  temper¬ 
atures  up  to  250T  and  healing  rales  of  ‘iSOT/sec  in  the 
experiments  of  Stage  II.  Strain  is  measured  by  laser  speckle 
interferometry  technique  and  by  strain  gages.  The  results  of 
both  methods  are  compared.  The  laser  speckle  interferosuetry 
results  are  in  agreement  with  the  strain  gage  results. 

Laser  speckle  interferometry  is  also  used  for  the  measure 
inent  of  strain  at  large  deformation,  ie.,  necking  region  of 
a  tensile  specimen.  This  technique  also  indicates  that  laser 
speckle  interterometry  will  be  nn  excellent  non  contact  local- 
iied  strain  measuring  device  for  adverse  conditions. 

2  Introduction 

There  are  many  applications  where  a  material  is  subjected  to 
high  strain  rates,  high  heating  rates  and  large  deformation,  for 
eg.,  forging,  ballistic  impact,  and  penetration.  To  properly  an¬ 
alyze  and  design  systems,  these  conditions  must  be  taken  into 
censiderauon.  Therefore,  it  is  necessary  to  acquire  material 
relationships  under  conditions  of  high  temperature,  high  heat¬ 
ing  rates,  and  various  loading  rates  up  through  large  strain. 
Measurement  of  large  strain  when  subjecting  a  material  to 
strain  rates  greater  tlian  O.OOOlscc'*  and  high  teniperatnres 
has  always  posed  severe  limitations.  Many  investigators  have 
developed  contact  and  non-contact  extensometers  for  measur¬ 
ing  strain  in  hostile  environments  |6).  These  extensometers 
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are  often  limited  in  strain  rate  and  total  strain  they  ran  mea¬ 
sure.  One  luin-rontact  method  for  measuring  strain  iiinler 
quasi-static  load  roiiditioii'  is  the  laser  speckle  inlcrferometrj 
technique  (Isi)  |l|  !4|  This  optical  teclmiiiue  of  double  expo¬ 
sure  laser  speckle  photonraphy  is  well  established  for  measiir- 
ing  ill-plane  (li«plarriiient.  This  iechiiif|oe  has  been  appliril 
to  measure  Ihe  (raii«\i‘r<i'  dixplai  i  iiieut  uf  a  laoltlever  liiiim 
following  lip  imparl  |.5). 

For  this  inxesligalion,  a  lest  plan  is  formulated  to  deter- 
mine  the  feasibility  of  using  hi  to  make  sliain  ineasurenienfs 
between  strain  rales  of  O.OOOOl.scr' '  and  O.Ol.sec"'  and  at  el- 
ex  aled  leniperaiiires.  'in  arroinplish  this,  the  displaren’  ‘ 
field  along  the  axial  direction  of  a  specimen  is  measured.  I 
der  uniaxial  tension,  axial  strain  ran  be  found  by  calculating 
the  slope  of  the  axial  displacement  data  versus  the  gage  length 
of  the  specimen.  Cue  to  the  nonuniformity  of  the  strain  hehl 
at  the  ends,  only  the  displacement  data  from  the  central  region 
of  the  specimen  are  used  The  displacement  at  various  |ii>iitls 
along  Ihe  axis  and  at  various  inslonts  of  lime  is  ohiamed  liy 
using  laser  speckle  iiiierferoutrliy. 

3  Experimental  Setup  and  Proce¬ 
dure 

By  using  double  exposure  speckle  photography  the  displace¬ 
ment  of  &  surface  in  a  plane  normal  to  the  line  of  sight  may 
be  measured.  This  is  done  by  using  a  camera  to  record  two 
superimposed  images  of  the  surface,  one  before  and  one  after 
deformation.  The  optical  setup  of  figure  I  shows  the  location 
of  the  camera  and  the  ruby  laser  with  respect  to  llie  speci¬ 
men.  The  laser  beam  from  the  pulsed  ruby  laser  is  expiiiided 
by  using  a  concave  lens.  Tliis  allows  tiu-  entire  snrfaee  of 
the  specimen  facing  Ihe  camera  to  be  iliiiminaled.  Tin-  iiilen 
sity  of  the  pulse  is  sufficient  to  expose  the  film  within  its  pulse 
width  time  of  30  nanoseconds,  when  in  Q-swilch'ng  mode,  and 
generate  Ihe  speckle  pattern  on  the  film.  Flat  while  p.aint  is 
sprayed  on  the  transparent  Plexiglas  specimens  of  stage  one  to 
make  them  reflective  and  so  that  they  produce  a  good  speckle 
field.  The  natural  reflectiveness  of  Ihe  metals  ter.ted  in  stage 
two  helps  them  produce  a  good  speckle  field. 

The  pulsed  ruby  laser  allows  one  to  capture  instants  in 
dynamic  experiments  due  to  its  short  pulse  time.  If  the  move 
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nient  of  the  j>bjcc.t’,j  surface  between  the  two  exposures  is 
larger  than  the  diameter  of  the  speckles  recorded  by  the  cam¬ 
era  onto  the  film  and  if  these  speckle  remain  correlated  with 
one  another,  then  the  image  will  scatter  a  beam  of  laser  light 
into  a  diffraction  halo.  The  intensity  of  the  light  in  this 
halo  varies  periodically  across-tlie  field  yielding  cosine  square 
fringes.  This  is  shown  in  figure  2.  These  fringes  will  have  an 
angular  spacing,  o,  given  by 


where  A  is  the  wavelength  of  the  readout  beam,  m  is  the  de¬ 
magnification  of  the  image  and  D  is  the  surface  displacement 
(3|-j4).  The  fringes  are  perpendicular  to  the  direction  of  dis¬ 
placement. 

The  specklegrams  are  read  by  using  a  He-Ne  laser  to  illu¬ 
minate  different  points  across  the  gage  length  of  the  specimen. 
The  farfield  diffraction  pattern  is  observed  at  a  distance  /  from 
the  specklegram  and  the  distance,  5,  between  dark  fringes  is 
measured.  Equation  2  relates  the  angular  spacing,  u,  to  these 
quantities 

siiiti  =  I/S  (2) 

By  combining  equations  1  and  2,  object  displacement  is 
obtained. 

n  -  m 

The  demagnificalion  factor,  m,  cancels  out  when  strain  is  cal¬ 
culated  due  to  the  fact  that  the  gage  length  used  for  calculat¬ 
ing  the  strain  is  measured  from  the  image  on  the  film  rather 

than  from  the  specimen  itself. 
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where  iji  is  the  distance  traversed  on  the  image  by  the  He-Ne 
laser  and  D}  and  D\  are  the  displacements  at  image  locations 
2,  I'j,  and  1,  ti,  respectively-  Strain  rate  is  calculated  by  di¬ 
viding  equation  (4)  by  the  lime  betweer.  exposures.  At, 
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Figure  3  shows  the  heating  apparatus  used  to  perform  the 
soak  and  high  he.vting  rate  tests  done  in  Stage  II  of  this  work. 
(Stage  if  experiments  used  an  Olsen  testing  machine  to  load 
Plexiglas  specimens  Otherwise,  the  equipment  used  in  Stage  I 
and  Stage  0  is  identical.)  The  heating  apparatus  utilizes  the 
resistive  heating  technique.  The  resistive  heating  technique 
passe*  current  through  the  specimen  using  the  specimen’s  re¬ 
sistance  to  convert  the  current  to  heat.  The  apparatus  consists 
of  an  autotransforiner  (controlling  the  power  output  of  the 
apparatuf),  a  step  down  transformer  (converting  low  current 
high  voltage  to  high  current  low  voltage)  and  a  high  voltage 
relay  (allowing  the  autotransformer  to  be  controlled  by  the 
computer).  The  computer  triggers  the  high  voltage  relay  by 
way  of  the  lest  program,  allowing  current  to  flow  to  the  spec¬ 
imen. 

For  the  soak  tests,  the  autotransformer  voltage  is  adjusted 
and  manusJly  controlled  so  that  the  specimen  maintains  a  con¬ 
stant  temperature.  The  temperature,  measured  with  a  ther¬ 
mocouple,  is  monitored  throughout  the  soak  tests.  For  the 
high  heating  rate  tests,  the  voltage  is  set  and  the  temperature 


and  its  lime  history  are  mcn'iirrd  with  a  ipiick  ri'^pons-- 
mocoiiple  alta'-hed  to  the  specimen.  Then  thi«  «ettiii!;."'i’ 
autoiran'former,  is  used  on  all  the  sub^eipienl  t*-'!-  fm  '' 
particular  heating  rate. 

The  loadini;  for  the  experiments  of -Stage  II  is  p>Tf"rii" 
by  the  servo-hydraulic  machine  also  shown  in  figure  f  T 
machine  has  the  capability  of  pneumatic  operation 

The  electrical  schematic  of  the  experimental  setup  is  «li'n 
in  figure  I.  The  first  exposure  is  taken  before  lo.idiiie  *'■ 
specimen  and  the  second  exposure  is  taken  after  a  icrh' 
predetermined  load  level  (strain  level  in  .Stage  I  ti-ic),  |l 
load  level  is  increased  from  4480  to  8004  iV,  depending  on 
heating  and  loading  conditions  to  allow  for  measurable  <lt>' 
data  using  laser  speckle,  (cor  Stage  1  tests,  the  strain  b- 
increased  form  300  to  700/i(.)  These  measurable  strain  i.da 
lie  between  900  to  2500/(<  for  a  particular  specklegram  ' 
values  of  strain  less  than  900/ir,  displacemeiit  is  not  larg-r'h'’ 
the  speckle  diameter  recorded  with  the  camera  aperture  fn" 
open  and  a  demngnilication  equal  to  one.  (tomcrscly.  w 
these  camera  conditions,  strains  greater  than  2.‘)00//r  niakr 
very  ilillicult  to  distinguish  the  fringes  and  eventually  le.ailr 
decorrelation  of  the  speckle  pattern. 

The  triggering  of  the  ruby  laser  for  the  second  expoie 
at  any  desired  load  level  is  achieved  by  comparing  thelo* 
level  signal  to  a  desired  reference  voltage  using  a  ruuipaf*i' 
circuit. 

Other  equipment  used  in  Stage  1  and  II  include  r.  hit 
speed  photodiode,  for  the  determination  of  when  the  li'- 
fired,  anti  a  Nicolet  oscilloscope,  to  store  the  photodioile, 
strain  gage  and  load  cell  readings.  The  photodiode  iis(<l' 
stage  two  tests  has  a  rise  and  fall  lime  of  about  12  picoserov 
and  allows  for  accurate  determination  of  when  Hie  laser  lie 
The  Nicolet  oscilloscope  is  able  to  record  and  store  the  vollir 
from  the  diode,  load  cell  and  strain  gage  for  later  analjtit 

The  tests  performed  base  two  purposes; 

1.  '^'o  demonstrate  the  applicability  of  laser  speckle  iiUeik 
oinetr."  for  obtaining  strain  rate  curves  (Stage  I)  and  Uie 
strain  curves  (Stage  11). 

2.  To  apply  it  to  silualions  where  other  strain  measuriiie' 
vires  fail,  such  as  in  severe  environments  ami  necking  ret” 
of  a  tensile  specimen  (Stage  II). 

To  accomplish  the  first  objective  the  strain  rate  and  sii-- 
strain  data  of  laser  speckle  interferometry  is  compared  « 
that  of  strain  gages.  The  two  are  found  to  aeree.  iusid, 
the  tests  done  without  the  use  of  a  strain  gage  as  a  iIm-i 
the  speckle  data. 

The  situations  where  strain  gages  and  clip  gages  f,i|- 
were  explored  include  elevated  temperatures  and  the  li 
strain  in  the  necked  regions  of  tensile  specimens. 

4  Results 

A  typical  plot  of  axial  displaceinent  versus  the  gage  b 
of  the  specimen  is  depicted  in  figure  5.  Assuming  a  un' 
strain  field,  the  slope  of  the  points  is  equal  to  the  lasu 
neons  strain. 

The  goal  of  Stage  1  tests  is  to  determine  strain  rale 
strain  at  various  instants  of  lime  for  the  three  dilTereai  < 
rales  obtained  by  laser  speckles  as  well  as  the  strain  i>t 
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plotted  vetfus  lime.  The  signal  from  the  strain  gages  is  verified 
to  be  identical  for  all  repetitions  of  the  process  for  a  given 
strain  rate.  This  confirms-the  repeatability  of  the  experiment 
which  is  an  essential  requirement  and  assumption  in  applying 
this  technique  to  construct  the  strain  versus  time  curve,  point 
by  point.  The  strain  rate  is  then  estimated  by  the  slope  of  the 
best  filling  straight  line  through  these  points.  A  typical  result 
is  presented  in  figure  6.  A  total  of  3  curves  are  obtained.  For 
the  first  and  third  case,  the  percentage  error  is  around  5%. 
For  the  second  ca.se,  a  percentage  error  of  16%  is  observed. 
The  source.<  of  error  include  the  relatively  significant  electrical 
noise  in  the  strain  gage  recordings  which  affect  the  accuracy  of 
the  strain  gage  results  and  the  difficulty  in  obtaining  a  clean 
“t  =  0”  for  all  repetitions  of  the  experiments. 

Figure  7  shows  one  of  the  stress-strain  curves  obtained  in 
the  Stage  II  tests  at  the  strain  rates  of  10~'sec'''.  In  each  of 
the  3  cases  performed  at  <  =  10*'sec'‘,  the  speckle  elastic 
modulus  is  in  agreement  with  the  strain  gage  modulus.  The 
error  in  each  curve  is  7.09%,  4.3%,  and  2. .34%,  respectfully. 
Absolute  speckle  strain  is  found  by  adding  the  strain  gage 
value  at  the  time  of  the  first  pulse  to  the  strain  increase  given 
by  laser  speckle.  The  error  bars  of  the  strain  gage  and  speckle 
(approximately  6%  for  each  specklegram)  fall  within  this  er¬ 
ror  range.  The  source  of  the  error  in  the  curves  are  due  to 
the  significant  electrical  noise  in  the  strain  gage  and  load  cell 
voltages  when  the  laser  fires.  Interpolation  to  the  exact  load 
and  strain  voltages  when  the  laser  fires  is  more  difficult  at  the 
strain  rate  of  IC'sec"',  as  compared  to  ll)'’sec''  and  static 
tests. 

The  last  2  figures  demonstrate  the  applicability  of  laser 
speckle  to  measuring  strain  in  situations  where  it  was  not 
possible  to  use  strain  gages  or  extensometers.  In  figure  8,  the 
stress-strain  curve  for  aluminum  at  room  tetiiperature  mea¬ 
sured  with  a  load  cell  and  strain  gage  is  shown.  The  speckle 
data,  obtained  by  adding  the  strain  increment  given  by  speckle 
to  the  strain  gage  value  at  the  time  of  the  first  laser  pulse,  is 
found  to  lie  slightly  above  the  strain  gage  data.  With  error 
included,  the  speckle  data  does  agree  with  the  strain  gage 
data. 

Figure  9  shows  the  strain  measurement  capability  of  laser 
speckle  in  the  regic.ts  of  large  strain,  particularly  the  necking 
region.  The  specklegram  and  subsequent  fringes  observed,  are 
obtained  by  first  heating  the  aluminum  to  a  very  high  tem¬ 
perature.  Then  it  is  pulled  as  slowly  as  possible  until  necking 
is  visible.  A  first  exposure  is  taken  at  this  time.  The  second 
exposure  is  taken  an  instant  after  heating  the  aluminum  to 
a  very  high  temperature  and  allowing  it  to  creep.  Figure  9 
shows  that  the  strun  increment  in  the  necking  region,  due  to 
the  loading,  is  greater  than  that  over  the  whole  length  of  the 
specimen. 

As  in  all  previous  cases,  absolute  strain  measurement  is 
not  possible  with  speckle  derived  from  the  ruby  laser  in  single 
pulse  mode.  Even  in  double  pulse  mode,  absolute  strain  mea¬ 
surement  is  not  possible.  However,  it  is  shown  that  speckle 
can  meuure  increments  of  strain  in  large  strain  areas. 


5  Conclusion 

The  applicabilily  of  laser  speckle  to  me.isure  strain  increments 
has  been  demonstrated  It  has  been  proven  to  apply  in  con¬ 
ditions  of  elev.ited  strain  rate,  heating  rate,  tem|ieratiire  .md 
areas  of  large  strain.  With  a  powerful  chopped  laser  and  .i 
camera  recording  images  at  the  same  time  of  the  laser  pulses, 
absolute  strain  data  versus  time  ean  be  obtained  in  the  severe 
conditions  stated  above.  .Subsequently,  the  limitation  that  it 
measures  only  increments  of  strain  ran  he  eliminated. 
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Study  of  Surface  Roughening  under 
Different  Stress  Mode  by  Correlation 


F.P.  Chiang,  Y.Z.  Dai;  B.Q.  Xu{  A.  Kato* 


Abstract 

Tliis  pappr  presents  some  experimentAl  results  on  the  plw- 
tir  deforiiiation  indurecl  free  surface  roughemn;  of  aluminum 
and  copper  alloy  materials  under  different  stress  modes  by 
a  computer  based  optical-numerical  correlation  analysis  sys¬ 
tem.  It  IS  intended  to  discuss  some  fundamental  issues  for  a 
non-contact  nondestructive  plastic  strain  evaluation  technique 
that  utilized  surface  roughening  phenomenon  in  combination 
with  laser  speckle  method.  Experimental  results  for  the  ina- 
letials  tested  and  loading  conditions  used  in  the  present  work 
show  that  metallic  material  surface  roughens  isotropically  and 
the  luagmlude  of  surface  roughness  is  independent  of  material 
properties  and  stress  mode  hut  dependent  of  equivalent  plas¬ 
tic  strain.  The  validity  of  this  statement  on  a  more  general 
base  will  enable  the  above  mentioned  plastic  strain  evaluation 
technique  be  calibrated  on  a  certain  material  by  simple  loading 
method  and  then  applied  to  general  problems  in  practice. 

1  Introduction 

The  phenomenon  that  metallic  material  surface  roughens 
as  It  IS  subjected  to  sufficient  amount  of  plutic  deformation 
has  been  utilized  in  the  development  of  techniques  for  plas¬ 
tic  strain  evaluation  and  fatigue  life  monitoring.l*  *'^'^'  These 
techniques  all  applied  laser  light  to  illuminate  the  area  of  in¬ 
terest  on  the  specimen  surface  and  correlated  the  diffracted 
light  intensity  distribution  in  the  form  of  luer  speckle  pattern 
to  either  plastic  strain  or  fatigue  cycles  which  roughen  the 
specimen  surface  and  hence  change  the  diffracted  light  inten¬ 
sity  distribution  accordingly.  Most  of  the  work  wm  done  on 
uniaxial  tensile  specimens  made  of  a  certain  material  with  the 
expectation  that  the  result  could  be  applied  to  any  other  mate¬ 
rials  under  any  different  stress  modes.  Obviously,  before  these 
techniques  could  be  applied  to  general  problems  in  practice  it 
IS  necessary  that  some  fundamental  issues  such  as  the  influence 
of  material  properties  and  stress  modes  on  plastic  deformation 
induced  roughening  as  well  as  the  isotropy  of  roughemng,  be 
studied  satisfactorily. 


The  papers'**'^^  on  plastic  deformation  induced  roughening 
available  in  published  literature  discussed  the  influence  of  mi.- 
terial  property,  grain  size,  specimen  thickness  as  uell  as  stress 
systems  in  terms  of  principal  strain  ratio.  The  major  conclu¬ 
sion  is  that  free  surface  roughening  is  dependent  of  equiva¬ 
lent  plastic  strain  but  independent  of  material  property  and 
stress  system.  However,  because  all  the  researchers  used  stylus 
type  profilometer,  which  only  yields  surface  profile  information 
along  a  single  cross  section,  it  naturally  raises  the  question  as 
to  whether  the  obtained  results  are  true  along  any  other  direc¬ 
tions  on  the  specimen  surface.  Besides,  the  influence  of  stress 
mode  in  terms  of  principal  stress  ratio  on  roughening  has  not 
been  studied  which  motivated  the  authors  of  ihis  paper  to 
make  further  investigation  along  this  line. 

Realizing  the  drawbacks  of  stylus  type  prohloiii'-i'r.  such  as 
skid  may  leave  a  mark  on  specimen  surface  makitig  successive 
measuring  unreliable,  and  the  fact  that  it  is  only  an  appro.x- 
imation  due  to  the  radius  of  the  stylus,  we  used  diffraction 
pattern  correlation  analysis.  The  diffraction  pattern  of  the 
specimen  surface  profile  obtained  by  illuminating  the  speci¬ 
men  with  a  laser  beam,  reflects  both  the  two  dimensional  pro¬ 
file  correlation  length  and  the  height  variation.'*'  It  is  digitized 
and  processed  by  a  computer  based  image  processing  system 
and  used  to  correlate  the  surface  roughness  in  a  non-contact, 
remote  way. 

2  Experimental  Procedure 

Uniaxial  tensile  specimens  made  of  four  different  mate¬ 
rials  (aluminum  alloy  1 100-00.  2024-T3,  606I  T6  and  copper 
alloy  C26800-H01)  were  cut  from  stock  sheet  along  the  rolling 
direction.  The  specimen  used  for  biaxial  loading  was  made 
of  copper  alloy  C26800-H01  and  machined  to  a  disk  shape  aa 
shall  be  discussed  in  the  following  session  The  material  prop¬ 
erties  and  gauge  dimensions  are  listed  in  Table  I 

One  side  of  the  specimen  surface  wu  first  polished  by  cloth 
buffer  wheel  and  then  by  aluminum  powder  to  an  initial  c’irface 
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toughness  of  about  <!,  =  0.05>iTn.  whfte  /?,  is  the  arithinetk 
mean  of  sutface  profile  from  the  mean  line.  The  specimen 
surface  was  intended  to  be  polished  isotropically  but  the  ex- 
i>tence  of  some  very  fine  directional  scratches  still  remained. 
The  other  side  of  the  specimen  was  reserved  for  plastic  strain 
measurement  by  mounting  strain  gage  or  preparing  moire  grat¬ 
ings  on  It. 

Specitnens  were  loaded  step  by  step  to  different  plastic 
defontiation  levels  in  a  testing  machine.  Between  every  two 
loading  steps,  the  specimen  was  released  for  plastic  strain  as¬ 
sessment.  diffraction  pattern  recording  and  surface  roughness 
measurement.  Plastic  strain  was  evaluated  by  strain  gauge 
atid  tuoirc(or  grid)  method  for  small  and  large  scale  plastic 
deformation,  respectively.  The  diffraction  pattern  was  digi¬ 
tized.  recorded  and  processed  by  a  configuration  as  described 
in  Ref.lBj  to  yield  a  parameter  which  was  used  as  a  measure  of 
the  sttrface  roughness.  For  comparison,  surface  roughness  was 
also  measured  by  a  stylus  with  a  skid  tip  radius  of  inm. 


3  Correlation  Analysis 

Two  kinds  of  correlation  analysis!*'  were  made;  The  first 
one  is  a  fro.<«s  correlation  analysis  which  calculates  the  degree 
of  correlation  between  two  diffraction  patterns  from  surfaces 
with  and  without  plastic  deformation:  The  second  is  an  au¬ 
tocorrelation  analysis  which  computes  the  necessary  shifting 
length  at  which  the  correlation  of  a  diffraction  pattern  with 
its  shifted  image  drops  to  a  certain  level. 

3.1  Cross  Correlation 

Two  images  are  involved  in  a  cross  correlation  analysis. 
For  an  one  dimensional  cue  such  u  curves  jlx)  and  /(*)  u 
shown  in  Fig.  la,  the  zero  shift  cross  correlation  is  defined  u: 


C{gJ)  =  I  X  /(*)<^* 


(1) 


The  normalization  of  C  yields  the  cross  correlation  coeffi¬ 
cient: 


(2) 


C  (o  /)  “ 

■  "  v//-" 

The  corresponding  expression  for  digitized  discrete  images 


is; 


CA9,f)  = 


l!Iig(«)x/(i) 


(3) 


For  two  dimensional  discrete  images  the  expression  be¬ 
comes: 


CAg,f)  = 


t/L'^i  Ef.i  ^  E.'i,  Ef-.' /’(«.;) 


(4) 


where  /(i,;)  and  g{x,])  are  discrete  gray  levels  at  coordinates 
i,j;  M  and  fV  are  the  limits  for  i  and  j,  respectively.  Both  A/ 
and  iV  are  256  in  our  experiments. 


It  is  seen  that  cross  correlation  counts  the  •■omm.'ii  .(rra 
shared  by  the  two  objects  whose  correlation  is  to  be  ••alrMUi-l. 
For  none  overlapping  objects,  the  cross  correlation  coertici^nt 
is  zero:  while  for  two  identical  objects,  it  is  unity 

3.2  Autocorrelation 
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Autocorrelation  involves  only  one  object.  The  way  i-i  find 
autocorrelation  is  by  shifting  the  object  a  difi.‘<nve  then  n-ie 
the  shifted  object  as  a  second  image  to  do  cross  correlation  m 
analysis  with  the  original  one  (Fig. lb).  Therefore  the  <intfied  A 
autocorrelation  coefficient  is  expressed  as:  ■ 


CA9-,S)  = 


E|^,;/(il  ^  5(1  - -M  «l 

I 

For  two  dimensional  images  the  expression  for  calculating 
autocorrelation  coefficient  is; 


^  r.  c.v  .  E..ii.E;,s,i/(*.5l  < 


(6) 


For  a  non-periodical  image,  the  correlation  coefficient  de-V 
creues  u  the  shift  length  increues.  Obviously,  if  the  shift* 
length  S  is  zero,  then  the  autocorrelation  coefficient  is  unity 
and  it  becomes  zero  if  the  image  has  been  shifted  out  nf  ihA 
range  of  the  original  one.  For  the  same  amount  of  shift,  difjjf 
ferent  objects  will  have  different  autocorrelation  coefficients. 
This  is  often  used  in  the  other  way  around  for  object  charac¬ 
terization,  i.e.  to  find  the  correlation  length  at  which  the  corB 
relation  coefficient  drops  to  a  certain  level,  for  example  dO'T'.B 


If,  for  some  reuon,  the  intensity  of  luer  light  source  change 
when  the  diffraction  patterns  were  recorded,  neither  the  croe 
correlation  nor  the  autocorrelation  coefficient  will  be  affedel 
if  the  diffracted  intensity  is  linearly  proportional  to  the  illu¬ 
minating  light  intensity.  The  reuon  is  this;  the  change  i| 
illuminating  light  will  multiply  the  intensity  with  a  factor  i 
which  will  appeu  in  both  the  numerator  and  denominator  of 
the  above  equations  and  hence  is  canceled.  Therefore  the  cor¬ 
relation  coefficients  ue  independent  of  the  intensity  of  liglB 
source.  H 
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4  Experimental  Results 
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The  diffraction  pattern  recorded  for  each  loading  level  wu 
digitized  into  a  discrete  image  with  2S6  x  256  pixels.  Cross  cor¬ 
relation  analysis  wu  made  in  two  ways;  the  first  wu  on  wh« 
image  (two  dimensional);  the  second  on  the  spatially  averagB 
intensity  distribution'*'  (one  dimensional).  We  found  that  the 
latter,  u  can  be  seen  from  Fig.2,  gave  better  result.  Simf 
result  wu  obtained  for  autocorrelation  analysis.  A  comparis 
shows  that  autoconelation  analysis  on  the  spatially  aver 
diffraction  intensity  distribution  gives  the  best  result  as  far  u 
correlating  surface  roughness  and  equivalent  plutic  strain] 
concerned.  In  the  following,  unless  otherwise  specified,  all 
experimental  results  ue  given  by  the  autocorrelation  lengi 
obtained  for  spatially  averaged  intensity  distribution  of  the 
diffraction  patterns.  |||| 
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Fig.3  is  a  plot  of  cotrelation  iength-vf  rsus  surface  roughness 
flj.  It  can  be  seen  that  correlation  length  of  the  diffraction 
pattern  correlate  with  surface  roughness  R„  well  even  though 
it  should  be  emphasized  again  that  the  correlation  coefficient 
reHects  both  the  surface  profile  wavelength  and  height  vari¬ 
ation.  In  I  he  following  discussion  correlation  analysis  shall 
he  applied  to  study' roughening  isotropy,  influence  of  material 
properties  and  stress  modes 

4.1  Isotropy  of  Roughening 

The  isotropy  of  roughening  was  studied  by  finding  the 
surface  roughness  along  different  cross  sections  on  specimen 
surface.  It  was  done  by  finding  correlation  coefficients  along 
different  cross  sections  in  the  diffraction  pattern  obtained.  The 
procedure  is  as  follows: 

1.  Record  and  store  a  diffraction  pattern  in  computer: 

2.  Find  the  center  of  the  pattern  by  moment  methodl'l; 

1.  .Select  pixels  in  lines  which  pass  through  the  center: 

4.  Compute  the  angle  of  each  line  with  respect  to  a 

relerence  line: 

.5.  Calculate  autocorrelation  length  along  each  direction: 

Fig  4  is  autocorrelation  length  along  different  cross  sections 
for  two  images,  one  with  and  the  other  without  plastic  defor- 
tiialion.  It  is  seen  that  the  one  without  plastic  deformation  has 
different  correlation  length  and  hence  different  surface  rough¬ 
ness  along  different  directions  indicating  the  surface  roughness 
was  not  isotropic:  While  the  one  with  l..S%  plastic  deforma¬ 
tion  becomes  nearly  isotropic. 

This  method  was  applied  to  aluminum  alloys  1100-00,  2024- 
T.3, 6061-T6  and  copper  alloy  C26800-H01  materials  under  dif¬ 
ferent  stress  modes  and  similar  results  were  obtained.  It  seems 
safe  to  say  that  for  the  plastic  strain  range  studied  metallic  ma¬ 
terial  surface  roughens  isotropically  and  the  initial  anisotropy 
of  the  surface  due  to  the  manufacturing  or  polishing  process 
will  vanish  after  plastic  deformation  has  reached  a  certain 
value.  This  value  may  vary  depending  on  the  way  the  speci¬ 
men  surface  is  polished.  It  is  about  1%  for  cloth  buffer  wheel 
and  aluminum  powder  polished  specimens  (fl,  O.OSpm)  in 
our  experiment. 

4.2  Influence  of  Material  Prope.rtie3 

In  order  to  study  the  influence  of  material  properties  on 
surface  roughening,  tensile  specimens  made  of  four  different 
materials  u  listed  in  Table  1  were  prepared  and  tested  under 
thu  same  procedure.  Fig.5  is  a  plot  of  autocorrelation  length 
at  correlation  level  of  80%  versus  plastic  strain  for  averaged 
intensity  distribution  of  different  materials.  It  ran  be  seen 
that  autocorrelation  length  increues  rapidly  in  the  beginning 
of  plutic  deformation  and  almost  stops  increuing  after  about 
■5%  equivalent  plastic  strain.  However,  there  is  no  apparent 
difference  in  autocorrelation  length  among  those  four  materials 
for  the  plutic  strain  range  studied  The  scattering  of  data  is 
partially  caused  by,  we  believe,  the  difference  in  initial  surface 
roughness  and  partially  by  the  speckle  noise  m  the  diffraction 
pattern. 


4.3  Influence  of  Stress  Modes 

In  this  study  only  tensile  loading  was  used  to  e*nera:- 
different  principal  stress  ratios  through  the  use  of  a  ipeci.illy 
designed  disk  specimen*'”'  as  shown  in  Fig. 6.  The  specimens 
were  made  of  copper  alloy  C'26800-H0l  (its  mechamcal  proper¬ 
ties  are  listed  in  Table  1).  As  the  loading  angle  o  changes  from 
-1.5  to  .30  degrees,  which  is  achieved  by  loading  the  specimen 
through  different  pair  of  holes  along  different  directions,  the 
ratio  of  principal  stress  <t,,  <r}  at  the  central  area  ol  the  speci¬ 
men  varies  from  -0.577  to  -3.732  according  to  Ref  TOl.  Fig." 
is  a  plot  of  correlation  length  with  equivalent  plastic  strain 
for  copper  alloy  material.  We  see  that  the  surface  roughening 
does  not  appear  to  be  sensitive  to  stress  modes. 


5  Conclusion 

Experimental  results  suggested  that  correlation  analysis 
can  be  applied  to  correlate  surface  roughness  and  equivalent 
plastic  strain.  Fot*4he  material  tested  and  experimental  ap- 
paratui  used,  it  wu  found  that  plutic  deformation  induced 
surface  roughening  is  isotropic,  independent  of  material  prop¬ 
erties  and  of  stress  mode,  but  dependent  of  equivalent  plutic 
strain.  It  should  be  noted  that  the  current  work  only  tested 
/cc  materials  and  their  alloys  and  the  tested  stress  tiiodes  are 
also  limited.  Further  experiments  will  be  focused  on  t|ie  va- 
lidity  of  this  method  on  a  more  general  basis  incimliiig  />c-; 
materials. 
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Table  1.  Mechanical  Properties  and  Dimension*  of  .Specimens 


A1  1100-00 

A1  2024-T3 

Al  6061-T6 

C26800-H01 

Yield  Strength  (MP^) 

36 

340 

27.5 

264 

Tensile  Strength  (MP^) 

92 

480 

310 

370 

Length  (mm) 

l-l.*! 

107..5 

107.5 

107.5 

Width  (mm) 

12.7 

12.7 

12.7 

12.7 

Thickness  (mm) 

2.2 

.3.2 

1.6 

1.6 

**  ■ 

<?(») 
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Fig. 7  Influence  of  Stresi  Mode  on  Roughening 
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DAMAGE  MONITORING  OF 
COMPOSITE  MATERIAL  RY 
IMAGE  PROCESSING 


by  Y.Z.  Dai  and  F.P.  Ghiang 


Like  most  of  engineering  materials, 
composite  material  deforms  plastically  when  it  is  subjected 
to  extensive  loading.  The  surface  of  composite  material 
roughens  under  a  sufficient  amount  of  plastic  deformation. 
The  change  of  surface  roughness  has  been  used  for  the 
evaluation  of  plastic  strain  or  fatigue  life  since  the  1970s.' " 
In  addition  to  these  methods,  the  techniques  developed  for 
surface  roughness  measurement^®  can  be  extended  to 
plastic  strain  measurement  as  well.  However,  all  these 
methods  either  require  sophisticated  optical  set-up  or  need 
film  developing  and  fringe  contrast  analyzing  which  makes 
them  somewhat  impractical. 

In  this  project,  instead  of  measuring  surface  topography 
of  a  specimen  directly,  we  made  use  of  its  diffraction  pat¬ 
tern.  A  laser  beam  was  directed  to  the  area  of  interest  on 
the  specimen  surface  and  the  diffraction  patterns  of  the 
surface  profile  were  observed  on  a  piece  of  ground  giass,  G, 
digitized  by  a  digital  camera  and  then  processed  by  a  com¬ 
puter  (Fig.  1).  The  light  intensity  distribution  of  these  dif¬ 
fraction  patterns  at  different  plastic  strain  levels  differs 
from  one  another  (Fig.  2)  indicating  the  feasibility  of  meas¬ 
uring  the  plastic  strain  or  monitoring  damage  development 
m  a  mechanical  component  by  the  difference  in  the  diffrac¬ 
tion  patterns.  This  difference  was  quantified  by  the  cross- 
correlation  method  through  an  image  processing  system 
and  utilized  as  a  criterion  for  damage  monitoring. 

SIUCON  CARBIDE  REINFORCED  ALUMINUM 

The  silicon  carbide  reinforced  alu.ninum  material  used 
in  the  test  has  eight  silicon  carbide  layers,  of  which  six  arc 
running  perpendicularly  to  the  other  two  layers  as  shown 
in  Fig.  3.  Uniaxial  tensile  testing  was  carried  out  for  both 
0-deg  and  90-deg  directions  on  an  Instron  1332  testing 
machine.  The  tensile  strength  was  found  to  be  310  MPa 
along  the  90-deg  direction  and  825  MPa  along  the  0-deg 
direction,  respectively,  for  nionotonic  tensile  loading. 


y.Z  Dm  (SEM  Member)  is  Graduate  btudent.  Department  ot 
Mechanical  Engineering  andFP  Chiang  (SEM  Fellow)  is  Director, 
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Fig.  Optical  configuration  for  damage  monitoring  ot 
composite  material 


Surface  roughness  was  measured  by  Mitutoyo  Surftest 
420  profilometer  with  a  stylus  tip  radius  of  5  mm  and  a 
cut-off  frequency  of  0.25  mm“ ' .  A  plot  of  surface  roughness 
i?,  versus  applied  load  is  shown  in  Fig.  4.  There  is  a  drastic 
change  in  surface  roughness  when  the  stress  level  reaches 
about  70  percent  of  the  fracture  stress  and  remains  fairly 
constant  until  fracture.  The  sudden  change  of  surface 
roughness,  we  believe,  is  due  to  the  fracture  of  some  very 
closely  located  silicon  carbide  fibers,  which  manifests  itself 
by  emitting  pip  noise  during  the  loadmg  process. 

SPECKLE  PATTERN  CORRELATION 

Correlation  techniques  have  been  applied  to  scientific 
researches  such  as  pattern  recognition  and  displacement 
determination.  The  correlation  analysis  used  in  this  paper 
is  known  as  cross  correlation.® 

The  cross  correlation  involves  two  objects.  It  refers  to  the 
product  of  these  two  objects  in  their  overlapping  region. 
For  the  one  dimensionai  case,  the  correlation  is  given  by. 

C.ig.f)  =  1_„^(a:)  xf{x)dx  (1) 
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Fig,  S— Correlation  tor  damage  monitoring.  Correlation  factor 
versus  loading  along  0  deg  and  90  deg  directions 


v/ith  the  point  where  the  surface  roughness  /?,  changes 
drastically  (Fig,  4 ).  Thereafter  the  correlation  factor  started 
to  increase  due  to  the  fact  that  the  specimen  surface  profile 
wavelength  caused  by  the  silicon  carbide  fiber  becomes 
larger  than  the  diameter  of  the  laser  beam  and  hence  con¬ 
tributes  little  to  the  diffraction  pattern.  This  phenomen.m, 
however,  is  quite  useful  for  the  determination  of  material 
life:  once  the  correlation  factor  starts  to  increase  after  a  big 
drop,  a  critical  point  would  have  been  reached  and  the 
usage  of  this  silicon  carbide  reinforced  material  should  be 
terminated. 

Experimental  results  obtained  so  far  suggest  that  cross 
correlation  analysis  of  diffraction  patterns  is  effective  in 
monitoring  damage  or  material  life  of  silicon  carbide  rein 
forced  aluminum  material.  Further  work  using  the  pro¬ 
posed  cross  correlation  method  will  be  along  the  line  of 
plastu  strain  and  fatigue  measurement  of  composite  mate 
rial  under  high  temperature  and,  or  at  high  strain  rate 
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Computer  Speckle  Interferometry  (CSI) 

D.J.  Chen  &nd  F  P.  ChiAng' 


Ah«irRri-A  fully  Kutoiiutir  speckle  metrology  technique 
i»  ileveloped,  Two  speckle  patterns  of  a  specimen,  one  be- 
lof^  and  one  after  specimen  deformation,  are  captured  by  the 
video  I  ainera  .A  resultant  "double  e.xposure"  speckle  pattern 
i<  obtained  by  superposing  the  two  digital  images.  The  su¬ 
perposed  speckle  pattern  is  segmented  into  a  group  of  small 
<nbimages.  A  fast  Fourier  transform  ( FFT I  is  applied  to  each 
snbiiniigi-  and  a  computer-generated  Young's  fringe  pattern  is 
obtained.  A  further  FFT  of  the  Young's  fringe  pattern  is  per¬ 
formed  to  analyze  the  fringe  pattern  in  its  spectral  domain. 
Accurate  characterization  of  the  local  displacement  compo¬ 
nents  is  obtained  by  a  cardinal  interpolation  and  a  ma.xiniiiiii 
searching  near  the  signal  hill  in  the  spectral  domain.  An  ar¬ 
tificial  rigid  shifting  between  the  two  speckle  images  is  intro¬ 
duced  for  the  cases  of  very  large  or  very  small  displacements. 
The  range  of  measurable  displacement  is  unlimited  as  long  as 
the  two  speckle  patterns  remain  correlated. 

1  Introduction 

Laser  speckle  interferometry  is  an  ideal  technique  for  the  mea¬ 
surement  of  surface  as  well  as  internal  deformation.)  Being 
nondestructive  and  remote  sensing,  it  is  applicable  to  high 
temperature  environment,  static  u  well  u  dynamic  deforma¬ 
tions.  ’  Its  basic  process  involves  speckle  recording,  speckle- 
gram  developing,  fringe  pattern  generation  and  analysis.  Sev- 
eral  automatic  fringe  pattern  analysis  methods  have  been  de¬ 
veloped  in  both  the  pointwise  and  the  whole-field  analysis  of 
the  specklegram.^'*  However,  specklegrara  developing  is  still 
an  unavoidable  procedure  in  the  whole  process.  The  well  de¬ 
veloped  electronic  speckle  pattern  interferometry  (ESPI)  is  an 
automatic  technique  for  both  out-of-plane  and  in-plane  dis¬ 
placement  nieuurements.’  Further  improvement  of  the  ESPI 
IS  achieved  in  the  phase  value  evaluation  of  the  fringe  pat¬ 
terns  using  a  phase-shifting  technique.**  Another  straight¬ 
forward  approach  is  the  digital  speckle  correlation  Re¬ 
liable  results  of  both  in-plane  displacement  components  and 

'D  J  Chen  is  a  Gtaduate  Research  Assutaat.  F  P  Chiaag  is  a  Lead¬ 
ing  Professor  with  the  Oepartmeat  of  Methaaical  Eagineenag.  State 
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displacement  gradients  have  been  reported  'I'inc  -h-  \uii'-. 
light  speckle  approach  in  a  pointwise  anal\si<  fajhioii  R-. 
cently.  this  digital  correlation  technique  ha»  lie-n  appli-d  to 
the  laser  speckle  approach  The  diciial  sampling  requirement 
of  laser  speckle  patterns  was  performed  and  reliable  reMiln  of 
laser  speckle  correlation  using  a  displacement -only  <earchimt 
algorithm  have  been  obtained.'* 

In  this  work,  we  develop  a  new  approach  of  automatic 
laser  speckle  interferometry.  Fully  computer-aided  processes, 
including  speckle  pattern  registration,  fringe  pattern  genera- 
tion  and  fringe  pattern  analysis,  provide  a  whole-field  survey 
of  displacement  components  in  a  pointwise  fashion.  The  svs- 
tern  is  composed  uf  simple  optical  as  well  as  electrical  «eiup. 
It  retains  all  the  advantages  of  the  conventional  optical  l.aser 

speckle  interferometry  and  provides  an  extended  ranee  of 
measurable  displacement  using  a  rigid  image-shifiing  lerh. 
mque. 

2  General  procedures 

The  system  used  for  data  acquisition  and  image  processing 
is  shown  in  Fig.l.  The  specimen  is  illuminated  by  a  col¬ 
limated  luer  beam.  The  image  of  the  obiect  is  captured 
by  a  video  camera.  The  light  mtensrty  of  each  --perkle  pat¬ 
tern  is  digitized  into  an  array  of  1024  -  1024  pi.xels  by  the 
analog-to-digital  converter  (ADC)  and  then  transmitted  into 
the  VAX-11/730  mini-computer.  The  computer  controls  the 
data  acquisition  system,  stores  the  digitized  image,  performs 
image  processing,  and  interfaces  with  the  graphic  peripherals 
for  a  display  of  the  results. 

Buie  processes  of  the  technique  involve  data  acquisition 
and  image  processing.  In  the  data  acquisition,  two  speckle 
patterns  of  the  specimen,  one  before  and  one  after  the  spec¬ 
imen  deformation,  are  captured  by  the  video  camera  and 
stored  in  the  computer. 

The  image  processing  procedure  consists  of  four  stages. 
First,  a  resultant  “double  expoture"  speckle  pattern  is  ob¬ 
tained  by  superposing  the  two  digital  images  (Fig.  2|.  and 
then  segmented  into  a  serious  of  small  subimages  Second. 
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&  fast  Fourier  transform  (FFT)  is  applied  to  each  segmented 
subimage  and  a  computer-generated  Young's  fringe"  pattern 
IS  obtained.  Third,  a  further  FFT  is  applied  to  the  Young’s 
fringe  pattern  and  the  local  displacement  vector  of  the  speci¬ 
men  IS  roughly  deiermjaed  by  detecting  one  of  the  two  signal 
peaks  ol  the  <periral  amplitude.  .\Ioreover.  a  cardinal  in¬ 
terpolation  proce<«  IS  applied  to  the  local  region  around  the 
detected  signal  lull  and  an  accurate  characterization  of  the 
displacement  components  is  obtained  by  a  further  maximum 
searching  in  the  interpolated  region.  .An  artilicial  rigid  shift 
between  the  two  original  subiiiiages  is  performed  in  case  the 
displacement  is  too  large  or  too  small.  .As  a  result,  the  range 
of  measurable  displacement  magnitude  is  unlimited  as  long 
as  the  two  sperkle  patterns  remain  correlated. 

3  Theory 

3.1  Intensity  fringe  pattern  method 

3.1.1  Fringe  pattern  generation 

The  first  step  2D  FFT  operation  in  Fig.  3  shows  the  fringe 
pattern  generation  process.  Considering  the  cue  that  both 
the  subimage  size  and  the  displacement  gradients  are  small, 
one  may  assume  all  the  points  on  a  subimage  undergo  the 
same  displacement,  say  d  (s  (u,i>)),  during  the  deforma 

tion.  Let's  denote  the  two  original  subimages  by  h{x.y)  and 
A(r  -  II.;/  -  r).  respectively.  The  superposed  subimage  can 
be  expressed  as 

/(x.y)  =  fi(r.y) -e  Alt  -  ii.y  -  I').  (1) 

Denoting  the  spectrum  of  the  single  subimage  A(x.  y )  by 
i.e., 

/f(w,,w,)  =  j  |^A(r,y)expi-j2ir(xw, -t-yu/^)l</*<fy,  (2) 

where  A  is  the  subiniage  region,  then  the  complex  spectrum 
of  the  superposed  subimage  is  in  a  form  of 

F(w,.uiy)  =  //4/(*,y)expl-j2e(*w,  +  yw,)l(/*dy 
=  /  /^(Afr.y)  +  h{z  -  u,y  -  v)lexp(-;2*‘(*w,  -f  ywy)ld*dy 
=  /f(u/,.wy){l  +  exp[-;2sr{uw,  -b  uwy)l} 

=  2tf(w,,wy)exp(-;»(ttw,  -I-  t'Wy)lcos(ir(ttw,  +  i'Wy)|. 

(3) 

Therefore,  the  spectral  intensity  of  the  superposed  subimage 

is 

/.(w„wy)  =  lf(w„wy)|’  =  4/a(w..Wy)cos’(jrd-w),  (4) 

vrhere  /alwy.Wy)  (=  tH(w„Wy)t*)  is  the  intensity  diffraction 
hsdo  function  and  w  (=  (w,,wy))  is  the  spectral  domain  coor¬ 
dinate  vector.  To  be  distinguished  from  the  spectral  domain 


(Cb)  in  a  later  section  of  fringe  analysis. 

after  referred  to  u  the  fringe  pattern  domain  The  pruMl-  of 

/s(w,.wy)  hu  been  studied  as 


where  A  is  the  wavelength  of  the  tllumtnating  liglit.  D  :$  'lif 
aperture  diameter  and  q  is  the  imaging  distance  in  thespei-k.c 
recording  setup  (Fig.4). 

From  Eq.(4)  it  is  seen  that  the  diffraction  intensiti  of  the 
superposed  subimage  is  the  intensity  halo  function  modulat»'j 
by  a  series  of  uniformly  spaced  cosine  square  fringes  whose 
spacing  is  inversely  proportional  to  d  i  =  J'k  and.  whose  di¬ 
rection  is  normal  to  d.  Indeed,  if  is  displayed  on  a 

monitor,  one  will  see  dark  fringes  when 

d-J  =  n  -1-  2.  »  =  0.  j:l.i:2.'  nil 

and  bright  fringes  when 

(f -w  =  n,  n  =  0.±l.i:2,---  |7) 

Siaiilar  to  those  in  the  conventional  speckle  interferome¬ 
try,  these  fringes  may  be  customarily  referred  to  as  Young's 
fringes.  To  distinguish  them  from  those  in  the  later  amplitude 
fringe  pattern  approach,  we  denote  these  fringes  u  intensity 

Young’s  fringes.  By  noting  the  fact  that  the  displacement 
vector  is  normal  to  the  Young's  fringes.  Eqs.ifil  and  (7i  can 
be  combined  into  a  single  equation  as 

<f  =  ldl  =  i.  ‘  ,gl 

where  =  I  JI/n  is  the  fringe  spacing. 

In  regard  of  the  decorrelation  effect  between  the  two  orig¬ 
inal  speckle  patterns,  the  fringe  visibility  may  be  less  than 
uniform.  \  more  general  form  of  the  intensity  Young's  fringe 
pattern  is  expressed  u 

/.(wt.w'v)  =  2/a(w,,Wy)(l  +  V  cos(2ird  •.;)!,  (9) 

where  V  (<  1)  is  the  fringe  visibility.  An  actual  computer¬ 
generated  intensity  Young’s  fringe  pattern  from  a  superposed 
and  mean-eliminated  speckle  subimage  is  shown  in  Fig.3, 
where  a  subimage  of  size  64  x  64  pixels  is  used. 

3.1.3  EVinge  pattern  analysis 

Since  the  quality  of  the  so  obtained  Young’s  fringe  pattern  ts 
poor,  direct  analysis  of  the  fringe  pattern  is  difficult.  Instead, 
an  efficient  recognition  of  the  fringe  pattern  can  be  obtained 
in  its  spectral  domain.  The  second  step  20  FFT  in  Fig  3 
shows  the  fringe  pattern  analysis  process. 


Lfl's  denote  the  spectrum  of  the  intensity  diffriction  haJo 
(unction  by  (?/,({,  i?).  i.e.. 

=  f  f  -.;,)exp(-j2jir(«b',f  * 

”  tlO) 

vkhere  !?  i'  the  frinit»'pattefn  Hoiiiam.  From  Eq.  (9).  the 
jpectruiii  of  the  fringe  pattern  is 

=  ■>/■/()  1  -t.  V‘cosi2ir(u;,ii 

expi-/2»r(^,f  - 

=  ♦  \'Otj(  -  u.rj  -  I'l  '’£•■/*(£  *  <i-n  ■*■  '■)!• 

flU 

(i  IS  seen  that  the  spectrum  of  the  intensity  fringe  pattern  ts 
(oiiiposed  of  the  spectrum  of  the  intensity  diffraction  halo  at 
r  =  0.  i;  =  0  and  the  two  anti-directional  shifted  spectra  of 
ihe  diffraction  halo  at  f  =  ii.  q  =  v  and  f  =  -ii.  tj  =  -v. 
Fig,6  shows  the  spectral  magnitude  of  a  computer-generated 
intensity  Young's  fringe  pattern.  Since  the  noise  is  spread 
(airly  uniformly  over  the  entire  spectral  domain  while  the 
signal  IS  concentrated  on  the  two  shifted  hills,  the  signal-to- 
notse  ratio  is  considerably  enhanced  in  the  spectral  domain. 
By  delecting  the  peak  position  of  one  of  the  shifted  signal 
hills,  local  displacement  vector  (u,  v)  between  the  two  super¬ 
posed  speckle  subimages  can  be  obtained. 


Thus,  we  see  that  the  spectral  amplitude  of  th^ 
posed  subimage  is  the  amplitude  diffraction  halo  iiiodMia'-i 
by  a  series  of  uniformly  spaced  cosine  square  fringe'  u-ho<» 
spacing  IS  inversely  proportional  to  J,  and  whose  dire'-’i-'n 
normal  to  d.  On  a  monitor  display,  one  will  see  dark  iring-' 
when 


and  bright  fringes  when 

d  =  n.  n=’0.rl..=2.  -IT. 

These  fringes  may  be  customarily  referred  to  as  atnulii'id- 
Young’s  fringes.  By  noting  the  fact  that  the  displa.-me..- 
vector  IS  normal  to  the  Young's  fringes.  Eqs.  'lU'  and  ilT 
ran  be  combined  into  a  single  equation  as 

d  =  idl  =  4 .  ■ ' '  • 

S 

where  5  =  lw|/n  is  the  fringe  spacing. 

In  Eq.  (1.5),  the  ideal  fringe  visibility  is  2  3.  In  regard  of 
speckle  decorrelation  effect,  the  real  fringe  visibility  may  he 
less  than  2/3.  A  more  general  form  of  the  amplitude  Young's 
fringe  pattern  is 

4 

.  rrosr2»J  J')|.  )19| 

where  I'  (<  2/3)  is  the  fringe  visibility.  An  actual  computer¬ 
generated  amplitude  Young’s  fringe  pattern  from  a  super- 
posed  and  mean-eliminated  speckle  subimiige  is  shown  Fig.*. 


3.2  Amplitude  fringe  pattern  method 

3.2.1  Fringe  pattern  generation 

Lei  us  rewrite  the  complex  spectrum  of  the  superposed  sujam*-' 
age  in  Eq.  (3)  as  s 

F(*>,Wy)  s  2/ffw,,a,'^)expl-;ir(uw,-t-i-Wy)jcoi(ir(uw,-t-tiWy)), 

(12) 

and  denote  the  amplitude  of  the  complex  spectrum  of  the 
single  speckle  lubimage  by  Aa(w„w,)  (=  |/f(w„w,)|).  From 
Eq.  (5),  the  profile  of  is 


Similar  to  the  intensity  diffraction  halo,  /t^fw^w^)  can  be 
referred  to  as  the  amplitude  diffraction  halo  function.  Thus, 
the  spectral  amplitude  of  the  superposed  speckle  subimage  is 

=  24AfW,,U'y)|COi(ir(UWa  ■(■  VWy)|| 

=  M''(“'t-Wy)  {l  +  J  coif2!f{ttw,  ■(■  tiWy)|  -  ^eos(4ir(u«, -howy)) 
‘  iTi-rifern '0«(2nw(«w, -(- t'Wy  II -(-••-}  . 

(14) 

Neglecting  the  higher  order  harmonic  terms  in  Eq.  (14),  we 
obtain 

'4.(w,,wy)  =  +  cos*[)r(uw, -I- vwy)|| .  (15) 


3.2.2  Fringe  pattern  analysis 

The  so  obtained  ampHtnde  Young's  fringe  pattern  can  also 
be  fecogmfe*itf1ts  spectral  domain  (cf.  Fig  3).  Denote  the 
speetrum  of  the  amplitude  diffraction  halo  by  G^^[(.nK  i.e,. 

OA^{(,ri)  =  J  ^  A»,(u/,,Wy)exp(-;2x(.,{ 

(•20) 

From  Eq.  (19),  the  spectrum  of  the  amplitude  fringe  pattern 

is 

OaMv'])  -  I  la  '4,(w,,wy)exp|-;2ir(w,f  -i-  u;yq)ldu,,dy.y 
-  a  Jn  '^a(‘''».w»){l  V  eoil2ir(w,u  -i- Wyt-)!} 
exp(-;'2K(w,<  -t-«iyq)|du;,dwy 

=  JC'a.^.q)  +  ^/GaJ(  -  u,q  -  p1  -i-  i-l. 

til) 

Therefore,  the  spectrum  of  the  amplitude  fringe  pattern  is 
composed  of  the  spectrum  of  the  amplitude  diffraction  halo 
at  (  ss  0,  7  =  0  and  the  two  anti-directional  shifted  spec¬ 
tra  of  the  diffraction  halo  at  {  =  u,  7  s  u  and  (  -  -u. 
7  s  -t>.  Fig.8  shows  the  spectral  magnitude  of  a  computer- 
generated  amplitude  Young’s  fringe  patfetn.  While  Hwn’oiie 
is  spread  fairly  umformly  om  tks  entire  spi^ral  domain, 
high  signal-to-noise  ratio  is  achieved  in  the  spectral  domain. 
By  detecting  the  peak  position  of  one  of  the  shifted  signal 
hiUi,  local  displacement  vector  (u,  v)  between  the  two  super¬ 
posed  subimages  can  be  obtained. 


3.3  Advantages  of  ampHtude  fringe  pat¬ 
tern  method 

Wf  hnvr  Analyzrd  both  the  intensity  nnd  the  iiiiiplitude  Young's 
.  fringe  pattern  metltods  As  a  comparison,  we  realize  that 
the  amplitude  fringe  pattern  approach  has  several  advantages 
over  the  inienutv  approach.  Ill  Fringe  domain  square  oper¬ 
ation.  which  con<umes  .V;  multiplications  for  an  .V,  «  .V, 
subimage,  is  not  required  in  the  amplitude  approach,  but 
IS  required  in  the  intensity  approach,  lit)  E.xpertments  show 
that  the  amplitude  approach  yields  apparent  signal  hills  in  the 
spectral  domain  of  the  Young's  fringe  pattern  even  without 
the  mean-ellimmation  of  the  superposed  subitnage  I  Fig. 9b). 
while  the  intensity  approach  does  not  provide  clear  signal 
hills  III  the  spectral  domain  without  the  mean-elliniination 
I  Fig. 9a).  This  is  because  the  constant  background  of  the 
subimage  contributes  to  a  large  pulse  at  the  origin  of  the 
fringe  domain.  A  square  operation  in  the  fringe  domain 
greatly  magnifies  this  pulse  and  results  in  a  higher  back, 
ground  noise  in  the  spectral  domain.  Therefore,  the  mean- 
elliminaiion  is  not  a  necessary  process  in  the  amplitude  ap¬ 
proach.  hut  It  is  necessary  in  the  intensity  approach,  (iii) 
.Most  importantly,  the  resulted  spectral  domain  signal  hills 
from  the  the  amplitude  fringe  pattern  approach  are  much 
sharper  than  those  from  the  intensity  apptoack  (see  Fig.lO). 
This  is  because  the  intensity  dilTtactinn  halo  is  the  square 

of  the  amplitude  diffraction  halo  (Fig.ll)  and  the  spectrum 
of  the  intensity  diffraction  halo  is  the  auto-correlation  of  the 
spectrum  of  the  amplitude  diffraction  halo.  i.e.. 

G,M>n)  =  G4,{(.n)*GA,U.v).  (2'2) 

where  •  denotes  correlation.  Therefore,  more  precise  deteriru- 
nation  of  the  local  displacement  components  can  be  obtained 
from  the  amplitude  approach. 

The  amplitude  approach  also  has  disadvantages,  (i)  The 
fringe  visibility  of  the  amplitude  fringe  pattern  is  slightly 
smaller  than  that  of  the  intensity  fringe  pattern,  (ii)  The  the¬ 
oretical  amplitude  fringe  pattern  contains  unexpected  higher 
order  harmonics.  However,  to  the  authors'  experience,  the 
higher  order  harmonics  are  suificientiy  weak  and  the  first  har¬ 
monic  is  always  sufficiently  strong  for  a  reliable  determina¬ 
tion. 

Overall,  the  amplitude  approach  advances  over  the  inten¬ 
sity  approach.  We  use  the  amplitude  approach  in  our  practi¬ 
cal  measurement. 

3.4  Extended  range  of  measurement  using 
image-shifting 

Let’s  denote  the  real  dimension  of  the  selected  subimage  by 
L,  and  its  discrete  array  size  by  .V,,  First,  »e  consider  the 
case  that  u  is  the  only  nonzero  displacement  component  (Fig. 


Wh^n  thf  displucfiuent  on  thr 
2.  the  theoretical  visibility  of  the  amplitude  irincc  pa'*— - 
drops  to  1,  .3.  More  critically,  the  two  signal  hills  wil! 
the  boundaries  of  the  spectral  domain  at  f  =  -  V.  sn-1  ■ 
-.V,,2,  Obviously,  more  displacement  value  will  r-s'ii'  i®- 
aliasing  in  the  spectral  domain Therefore  'he  ranc*  t 
measurable  single  displacement  component  on  'li-  -perin^ 

f 

It  =  L,  (2.U).  -T 

where  M  is  the  speckle  recording  magnifivation  A 

Then  we  consider  the  general  two-dimensional  di-iplB 
ment  case  (Fig.  12b).  When  u  =  t,  2  and  /  =  L.  1. 
theoretical  visibility  of  the  amplitude  fringe  pattern  'Ir^p^ 
1,6.  More  critically,  the  two  signal  hills  will  move  'n® 
corners  of  the  spectral  domain  at  {  =  .V,,  ■>.  >]  -  .V.  2.  Wi 
(  =  -.V,/2,  q  =  -.V,/2.  Thus,  the  range  of  ihe  niea.surabl- 
2D  displacement  on  the  specimen  is  jj^ 

.Vax(|ii|,iii)  L,,{iM).  lit- 

In  practice,  with  regard  to  both  the  processing  speed  and® 
lUeaiurement  reliability,  a  subiinage  size  of  32  a  .12  is  foun  Jl 
be  suitable  for  most  applications.  When  this  subimage  size 
is  used,  the  upper-limit  is 

.Wo*(|o|,|v|)=  rsfMf.  (* 

where  T  is  the  sampling  interval  of  the  video  camera.  H  ^ 
In  cue  that  the  specimen  translation  is  very  large,  an®  i 
tentional  close-together  rigid  shifting  between  the  iwo  speckle 
patterns  can  be  made  before  the  image  segmentation.  On^ 
other  hand,  when  the  displacement  is  very  small,  the  si® 
peak  in  the  spectral  domain  is  also  unmeuurable  becausW 
It  too  close  to  the  center  hill  (Fig.lla).  In  such  a  cue.  •« 
apply  a  deput-from-euh-other  rigid  shifting  between  t he  S 
speckle  patterns  (Fig.  13b).  In  both  cues,  the  real  displ® 
ment  vector  of  the  subimage  can  be  obtained  by  subtracting 
the  shifted  distant  vector  from  Hhe  fine  seuched  displ^ 
ment  vector.  Thus,  both  the  upper  and  the  lower  limit® 
displuement  in  the  traditional  speckle  interferometry  are7 
moved  and  the  meuurable  displacement  is  unbmited  u  1^ 
u  the  two  speckle  patterns  remain  correlated.  ■ 


4  Experimental  results  || 

The  performance  of  the  described  amplitude  fringe  patten 
method  wu  tested  experimentally  by  an  ngid  rotation  oW 
alununum  disk.  The  disk  wu  mounted  on  a  rotational  stj| 
with  the  object  surface  normal  to  the  rotational  and  opu- 
cal  axes.  The  object  wu  illuminated  by  a  luer  beam  w^i 
wavelength  of  A  s  0.8328  nm.  The  sensor  array  of  the  ctM 
era  consists  of  1024  x  1024  pixels,  with  a  real  area  of  ® 


(10  '  lO)  ThespecWe  p»ttetnj  were  recorded  through 
An  objective.  90  'ti)»  itt  focivl  length.  »t  f-number  of  /,  =  22. 
The  recording  mftgnificiition  wm  1:2. i.  with  n  rexl  wea  of  62S 
,;i  .  ill  lunr  covered  on  (he  rpjcimen.  The  typical  speckle 
M.’c''  ■*  Aas  2 !  and  'he  sanijiling  interval  of  the  sensor 

«AS  '*  ”* 

The  rotation  was  applied  in  steps,  with  angular  mete- 
.iieiii.*  ol  0.100".  1  100".  and  0.900°.  respectively.  Four  speckle 
|,Aiierns  were  recorded,  before,  between,  and  after  the  roia- 
iions  The  vertical  displacement  between  each  two  succeeding 
•pcckle  patterns  was  evaluated  at  sixteen  points  on  the  hor- 
irontal  diameter  of  the  disk.  The  subimages  were  of  3'2  k  32 
ui.tel5  'tid  the  interval  between  each  two  adjacent  subiinages 
»as  04  pixels,  with  a  real  separation  of  1..S63  rnm  on  the 
<pecimen. 

Since  the  displacement  neat  the  center  region  of  the  spec¬ 
imen  was  verv  small,  a  rigid  shifting  of  pixels  in  the  vertical 
(iireriioii  between  each  pair  of  images  wu  performed  before 
the  superposition  and  segmentation.  For  the  evaluations  of 
(he  first  .,nd  the  second  step  rotations,  all  the  16  subiinages 
*ete  obtained  from  the  superposition  of  the  shifted  image*. 
While  for  the  third  step  rota.'ion.  only  the  4  subituage*  neat 
the  rotational  center  were  obtained  from  the  superposition  of 
the  shifted  images,  with  all  the  tests  obtained  from  direct  (un- 
shifted)  superposition  of  the  related  i"iages.  A  rough  wttnui**’''!'- 
lion  of  the  local  displacement  compo  ents  wm  arhitvv^  first 

by  detecting  the  maximum  magnitude  in  the  discrete  spectral 
doiuwit.  .4  cardinal  interpolation  of  the  spectral  magnitude 
was  then  performed  in  the  local  region  of  the  maximum  dis¬ 
crete  loefficient,''  and  a  mote  accurate  determination  of  the 
displacement  components  was  obtained  using  a  further  max- 
miiiiii  searching  in  the  interpolated  region.  The  final  vertical 
displacements  were  obtained  by  subtracting  the  shifted  dii- 
tance  from  the  searched  vertical  displacements,  Figure  14 
show*  the  measured  vertical  displacement  diitnbotion  on  the 
disk  diameter,  A  least-square  linear  fitting  of  the  three  dis¬ 
placement  data  sets  were  perfotmed  and  a  standard  deviation 
of  about  0,4  Jim  was  obtained  in  all  the  three  sell.  The  slope* 
obtained  from  the  linear  fitting  are  O.OOIMI,  0.005283,  and 
0.01.579,  which  correspond  to  angular  rotations  of  0.1032°, 
0.3028°.  and  0.9046°,  tespectively.  The  experiment  showed 
that  the  mewured  vertical  displacement  component  and  the 
estimated  angular  rotations  agree  well  with  the  applied  rota¬ 
tions. 


5  Conclusion  and  discussion 

A  computer  speckle  interferometry  capable  of  precise  mea- 
tttrement  of  whole-field  displacement  is  developed.  The  pre- 
process  involves  quick  image  superposition  and  segmentation. 
The  mam  process  is  composed  of  fringe  pattern  generation 


-no  .nmy,,,.  «oth  the  intensity  and  amphiude  'rmce  . . 

luethods  have  been  attempted  and  a  preterence  of  th»amoi,: 
ude  method  is  lound  in  practical  measurement  A.-ubimage 
stre  of  32  a  .32  pixd,  „  found  suitable  m  most  apoiiranon.^  \ 
rough  determination  of  displacement  components  ■!  arfimv.-l 
y  detecting  the  maximum  macnitude  m  the  dis'-fw  -p,..-. 
•  ral  domain,  and  a  precise  charaderuation  i«  ob'am-d  bv  a 
md.nal  interpolation  and  a  further  maximum  i-arc.bing 
the  signal  hill.  Both  the  upper  and  the  loww-  )imV«  ol  -It.- 
placement  in  the  traditional  optical  speckle  method  hai<-  l„..n 
removed  using  an  image., hifting  technique,  C.ood  agr-.inen. 
between  the  theoretical  and  the  measured  result  „  oSiamM 
•n  an  experimental  verification.  Since  only  one  .xposure  „ 
required  at  each  deformation  state,  applications  of  such  a 
technique  to  vibration  and  transient  problems  mav  bw 
ained  by  use  of  a  high  speed  camera.  Further  economiration 
of  computation  may  be  achieved  using  an  improved  FFT  .tl- 
gorithm  m  the  fringe  pattern  generation  and  analvsis.  and  a 
lermhial  interpolation  process  m  the  spectral  domain  peak- 
position  searching. 


6.  Acknowledgments 

This  work  was  supported  by  the  Army  Resewch  Offire  Jhrough 
Contract  DAA20388K003^cientific  Program  Officer;  Dr.G  L. 

Anderson)  and  the  Offic^f  Naval' Research  through  f'on- 
tract  N000  H82K0566  (Scientific  Officer:  Dr.  Vapa  D  S  Ra. 
japakie).  These  supports  are  gratefully  acknowledged.  We 
would  also  like  to  thank  Prof.  H.S.  Don  of  the  Electrical 
El  jineering  Department  for  his  constructive  cnticism  and 
advice. 


7  References 

1.  F.P.C’lus!.jg,  “A  new  family  of  2D  and  3D  experimental 
stress  analysis  technique*  using  luet  speckles” .SM  Archives 

Vol.3,  No.l,  pp.27-58  (1978). 

2.  F.P.Chiang,  J.Adachi,  R.Anutui  and  J. Beatty.  "Subjec¬ 
tive  luer  speckle  method  and  its  application  to  solid  mechan¬ 
ics  problems".  Optical  Engineenng,  Vbl.2l.  .No,3.  pp.3T9.390 
(1982). 

3.  O.W.Robinson,  “Automatic  fringe  analysis  with  a  com. 
poter  image  processing  system",  Applied  Optics.  Vol.22.  .Vo  14 
pp.2169-2176  (1983). 

4.  J.M.Huntley,  "Speckle  photography  fringe  analysis  by  the 
Walsh  transform",  Applied  Optics,  Vol.25,  No.3,  pp.383-386 
(1988). 

5.  D.J.Chea  and  F.P.Chiang,  “DigitaJ  processing  of  Young's 
fringe*  in  speckle  photography",  in  Optica)  Testing  and  .Metrol- 
pgy  tl,C  P.  Grover,  ed..  Proceedings  of  SPIE.  Vo!.954,  pp  310- 


53 


320  (1988). 

6.  G.T.R«id.  “AutsmMtf  fringe  puttern  annlysis:  ^  review". 
Optics  and  Lasers  in  Engineering,  Vol.7.  no.l.  pp. 37-68  ( 1986/7) 

I  C  Wjkes.  "I'se  of  eleriranic  speckle  pattern  interferome¬ 
try  (  ES  PI  i  in  the  iiieasureiiient  of  static  and  dynamic  surface 
(li«plareiiienis".  Optical  EngineerinR.  Vol.21,  .No..J.  pp.400- 
406  ( 19«2) 

8.  K.C'reaih.  "Phase  shifting  speckle  interferometry".  .Ap¬ 
plied  Optics.  Vol.24.  No.l8.  pp.3053-.30.58  (1985). 

9.  D.W. Robinson  and  D.C. Williams.  “Digital  phase  shift¬ 
ing  speckle  mterferoiiietry",  Optics  C'ommumcations.  Vol.57. 
No.l.  pp.26-.10  (1986). 

10.  W.H. Peters  and  W.F.Ran.son. “Digital  image  techniques 
in  e.xperiiiientnl  stress  analysis".  Optical  Engineering,  Vol. 
.'1.  .No.3.  pp.427.431  (1982). 

11.  T.C.fhu.  W.F.Ranson,  .M. A. .Sutton  and  W.H. Peters. 
“.Application  of  digital-iinage-correlation  techniques  to  exper¬ 
imental  mechanics".  Experimental  .Mechamcs,  Vol.25,  No.3. 
pp.2.12-244  (1985). 

12.  H.A.  Bruck.  S.R.  .McNeill.  .M.A.  Sutton  and  W.H.  Peters. 
Digital  image  correlation  using  Newton-Raphson  method 

of  partial  difTerenlial  correlation  ",  Experimental  Mechanits. 
Vol.  29.  No,  3.  pp.  261-267  (1989). 

13.  D,.I.<.‘het!  and  F.P.C’hiang,  “Investigation  of  optimal  sam¬ 
pling  resolution  in  digital  luer  speckle  correlation",  submit- 


I 

ted  for  publication  in  Expenmenlal  .Mechanics  } 

M.  R.PKhetan  and  F.P.Chiang.  "  S.rkm  analv,,,  bvf . 
beam  iMer  speckle  interferometry.  1:  Single  aper-ure  mc-ho. 
Applied  Optics.  Vol. 15.  No.9.  pp.  220.5-2215  .  (9761  ■ 

15.  A.Rosenfeld  and  A.C  Kak.  Digital  Picture  Prore^* 
Vol.l.  Academic- Press,  New  York  il082). 

16.  F.J.Harris.  Multirate  FIR  Filter,  for  Interpolatine^- 
Desampling,  in  Handbook  of  Digital  Sienal  Proressine 
neenng  Applications.  D.F.  Elliott,  ed..  pp.  173-257.  AcadHt- 


I 

I 

I 

1 


Fig.l  Schematic  of  data  acqtdntioa  aad  image  processiBg  lystem 


FiR.9  Sp^rfr^l  m»i(mtu<lr5  of  Yoiinn's  frinnf  pAttrtus  without  mriut*  oliuunation. 
(a)  from  inl«-njity  fringe  pattern,  (b)  from  amplitude  fringe  pattern. 
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Abstract 

A  method  of  belief  combination  based  on  a  potential  model 
is  proposed,  in  which  a  belief  function  associated  with  an  evidence 
is  modeled  as  a  mass  distribution  function  and  each  point  mass 
thereon  generates  a  potential  on  the  goal  hypothesis.  The  resulted 
belief  combination  at  the  goal  hypothesis  is  a  cumulative  integral 
of  the  potentials  generated  by  all  point  masses  on  the  evidences. 
This  model  is  motivated  by  the  Newton’s  law  of  gravity.  Thu 
model  can  handle  both  discrete  belief  functions  and  continuous  be¬ 
lief  functions.  Also  it  has  resolved  the  conflictions  resulting  from 
either  the  mutual  dependency  relationship  among  evidences  or  the 
structural  dependency  in  an  inference  network  due  to  various  com¬ 
bination  orders  of  evidences.  A  belief  combination  procedure  is 
given,  which  can  process  an  arbitrary  number  of  evidences  without 
any  confliction. 

1  Introduction 

Belief  combination  is  one  task  of  evidential  reasoning  which  is 
referring  to  combination  of  relevant  evidences  for  or  against  hy¬ 
potheses,  and  is  the  core  of  many  rule-based  systems  that  will  help 
people  to  process  pattern  recognition,  decision  making,  and  diag¬ 
nosis.  There  are  three  major  frameworks  of  belief  combination 
of  evidential  reasoning  in  the  literature,  i.e.,  the  Dempster-Shafer 
theory  of  evidence  j5),  the  futzy  set  theory  (7],  and  the  Bayesian 
probability  theory  [2],  The  advantages  and  weaknesses  of  these 
three  frameworks  have  been  discussed  in  (l],  |6|,  and  (7).  The 
application  of  Shafer's  belief  function  to  manage  uncertainty  of  in¬ 
formation  in  a  rule-based  system  has  attracted  much  attention  in 
artificial  intelligence  research.  The  Shafer's  model  uses  numerical 
value  in  the  interval  [0,  l|  to  represent  the  degree  of  incomplete¬ 
ness  of  information.  The  nonrobustness  of  this  model  has  been 
discussed  in  |4j,  |8|,  Besides  this  drawback,  the  basic  probability 
assignment  (BPA)  of  a  belief  function,  as  used  in  all  of  the  previous 
works,  is  in  a  form  of  discrete  type  function  which  can  not  always 
provide  a  precise  description  of  an  evidence  for  all  the  situations. 
For  instance,  if  an  evidence  has  the  property  that  the  closer  it  is 
to  the  truth,  the  stronger  it  is.  It  can  be  conveniently  modeled  by 
a  linear  continuous  belief  function  Bel(6)  =k-S,  where  0  is  in  the 
interval  |0, 1|,  and  i  is  a  constant.  We  can  hardly  find  any  signifi¬ 
cant  thresholds  in  this  kind  of  evidence  to  quantize  the  associated 
belief  function  into  a  discrete  form  so  that  it  can  be  handled  by  the 
Dempster-Shafer  theory,  fuzzy  set  theory,  or  Hau's  method  |4|. 

A  conflict  problem,  j2j,  |4|  occurs  when  there  are  many  un¬ 
certain  facts,  say  3  or  more,  to  be  combined.  In  a  sequential  pro¬ 
gramming  style  of  evidence  combination,  two  of  them  have  to  be 
combined  first,  then  the  result  will  be  combined  with  the  other 
one,  and  so  on.  If  these  facts  are  partially  or  totally  dependent 
upon  each  other,  then  conflict  usually  appears.  The  conflict  is  that 
different  order  of  evidence  combination  will  result  in  different  de¬ 
grees  of  support  to  the  hypothesis,  which  is  against  the  intuition 
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of  human  reasoning. 

Even  though  lots  of  effort  have  been  spent  on  belief  combi¬ 
nation,  the  uncertainty  management  of  the  continuous  belief  func¬ 
tions  and  the  conflict  due  to  the  dependency  of  evidences  are  still 
not  solved.  In  this  paper,  we  propose  a  novel  method  of  belief 
combination  based  on  a  potential  model.  It  can  achL.'e  the  con¬ 
flict  resolution  of  belief  combination  resulting  from  dependency  of 
evidences,  also  can  handle  the  information  aggregation  based  upon 
the  continuous  belief  functions. 


2  Theory  of  Potential  Model 
2.1  Representation  of  Potential  Model 

In  this  subsection,  we  present  the  proposed  model  of  the  belief 
function  of  an  evidence  and  how  these  functions  are  combined. 
The  model  uses  the  notion  of  "mass”  and  ” potential”,  which  is 
motivated  by  Newton’s  law  of  gravity. 

Definition  1  ;■  A  fact  or  evidence  in  a  rule-based  system  is  repre¬ 
sented  by  a  frame  of  discernment  A,  and  a  belief  function  associated 
with.  A  is  represented  by  a  prob^ility  distribution  function  Pa{^), 
where  fi  €  (A,Al._The  interval  lAA)  stands  for  an  interval  of  be¬ 
lief  degree  from  A  to  A,  where  A  denotes  the  complement  of  A. 
$  is  a  numerical  value  representing  a  degree  of  partial  truth  of  an 
evidence. 

For  the  sake  of  simplicity,  we  can  use  0  to  denote  the  com¬ 
plement  of  the  authenticity  of  an  evidence,  and  1  to  denote  the 
truth  of  the  evidence.  Hence,  the  .nterval  (A,  A|  can  be  replaced 
by  the  interval  (0,  Ij.  This  type  of  belief  function  can  be  trans¬ 
formed  into  a  dichotomous  belief  function  by  assigning  two  bounds 
to  the  interval. 

The  ps(^)  represents  the  distribution  of  belief  over  the  in¬ 
terval  (A,  A),  which  can  be  continuous  or  discrete.  Furthermore, 
we  can  easily  see  that 

/_%AWd«  =  l  (1) 

The  probability  density  function,  p,«(9),  can  sdso  be  considered  as 
a  mass  distribution,  in  which  each  Pa(^)  la  treated  as  a  point  mass 
located  at  9.  Our  model  of  evidence  combination  is  motivated 
by  the  Newton’s  law  of  gravity,  in  which  each  point  mass  on  an 
evidence  will  generate  a  potential  at  a  distant  location  on  the  goal 
hypothesis.  The  resulted  value  of  the  belief  function  at  a  certain 
location  on  the  goal  hypothesis  will  be  the  cumulative  integral  of 
all  the  potentials  generated  by  all  point  masses  on  all  the  evidences. 
The  detaib  of  our  model  will  be  given  in  the  following.  We  abo 
have  to  consider  the  definition  of  belief  combination  which  refers 
to  the  belief  conjunctior  of  several  evidences  supporting  (he  same 
hypothesb. 


Definttion  2  :•  Belief  combination  refere  to  the  deduction  of  the  be¬ 
lief  associated  with  ((4  -»  C)0(B  -♦  C))  from  the  belief  associated 
with  evidences  A  and  B,  respectively,  where  C  is  the  hypothesis 
supported  by  A  and  B.  That  is,  given  two  frames  of  discernment 
6^  and  ©a,  a  compatibility  relation  between  ©,*  .id  Qg  is  l^« 
Cartesian  product  of  them,  which  is  represented  as 

^ 

Assume  a  belief  function  of  an  evidence  A  is  represented 
by  a  mass  distribution  on  an  interval,  e.g.  M,  A),  on  a  plane.  .A 
hypothesis  C  to  be  supported  by  this  evidence  is  located  parallelly 
to  tile  line  segment  of  this  interval  at  a  distance.  The  relationship 
between  the  evidence  A  and  the  hypothesis  C  is  shown  in  Fig.  1. 
We  can  assume  that  the  etfect  from  a  point  of  the  evidence  on  a 
point  of  hypothesis  is  proportional  to  its  mass  magnitude  qA(9) 
of  the  point  of  an  evidence,  and  is  inversely  proportional  to  the 
distance  r^c  between  these  two  points.  This  assumption  of  human 
reasoning  is  motivated  by  the  Newton’s  law  of  gravity.  Hence,  the 
notions  of  the  potential  law  of  gravity  can  be  borrowed  to  model 
the  effect  of  an  evidence  supporting  a  hypothesis.  To  the  desired 
hypothesis  C  in  Fig.l,  the  potential  V[$)  at  every  point  6  thereon 
is  affected,  respectively,  by  each  point  mass  9yj(t)  on  the  evidence. 
This  relationship  can  be  described  as 

=  ^  (3) 


independent. 

Case  2  :  R^c  0 

In  this  case,  intuitively  the  physical  meaning  is  that  the 
evidence  projects  itself  onto  the  hypothesis.  This  can  be  shown  as 
follows.  Referring  to  Fig.  1,  the  ratio  of  the  potentials  generated 
by  two  mass  points,  qA(i}  and  where  t  ^  onto  the  position 
9  on  C  is 

m  V ' 


lim  lim 

V0iO} 


=  lim 

This  shows  that  the  potential  (fl)  is  totally  determined  by  the 
point  mass  at  the  position  0  of  evidence  A.  Also  if  there  are  other 
evidences  with  nonzero  values  of  absolute  dependencies,  their  ef- 
lects  on  the  hypothesis  comparatively  can  be  ignored.  Hence,  the 
hypothesis  is  totally  dependent  upon  the  first  evidence  A. 

Definition  ^  :  The  ratio  of  the  absolute  dependencies  of  two  b(.>- 
liefs  is  called  their  relative  dependency  ratio,  which  represents  the 
relative  importance  of  the  two  evidences  with  respect  to  the  hy¬ 
pothesis. 

For  example,  the  relative  dependency  ratio  of  the  two  evi¬ 
dences  B)  and  B]  in  Fig.2  can  be  expressed  as  following. 


where  r^e  =  v(<  -  S)’  +  Bac'i  Bac  is  the  distance  between  A 
and  C,  and  Jl;  is  a  constant.  Hence,  the  overall  contribution  of  the 
evidence.  A,  to  a  specific  degree  of  belief  6  of  the  hypothesis  C  can 
be  formulated  as  the  following. 


it  V{«  -  «)’ f  Bxc’ 

The  physical  meaning  expressed  in  the  last  equation  is  that  the 
mass  of  every  point  of  an  evidence  will  project  its  own  effect,  which 
is  called  potential,  on  every  individual  point  of  the  hypothesis.  As  a 
result,  the  total  effect  on  a  point  of  the  hypothesis  is  the  cumulative 
sum  of  the  potential  from  every  point  of  the  evidence.  This  model 
has  some  advantages  over  the  previous  models.  First,  it  can  be 
extended  to  the  combination  of  many  evidences.  In  Fig.  2,  a  model 
of  the  combination  of  n  belief  functions  is  shown,  In  this  case,  the 
resulted  value  of  the  belief  function  of  the  goal  hypothesb  Vn(9)  b 
givei'  as 

V'«W='f (5) 

1=1 

where  VuXO)  is  the  potential  generated  by  evidence  B„  i  =  1,  ■  ,n. 
Another  advantage  b  that  it  provides  two  parameters,  as  will  be  ex¬ 
plained  later,  for  the  evidence  combination,  which  allow  the  mutual 
dependencies  among  the  evidences  and  the  hypothesis  to  be  eas¬ 
ily  coped  with.  Furthermore,  it  can  handle  both  the  conventional 
discrete  probability  assignment  and  the  continuous  probability  as¬ 
signment  of  a  beUef  function.  We  will  discuss  these  advantages  in 
more  detaib  later. 

Definition  S  ;  The  distance  from  an  evidence  to  the  desired  hy¬ 
pothesis  b  called  its  absolute  dependency,  which  represents  how 
important  thb  evidence  b  with  respect  to  the  hypothesb. 

For  example,  R^c  in  Fig,  1  b  the  absolute  dependency  from 
A  to  C.  Two  special  cases  are  discussed  in  the  following. 

Cose  1  :  Rac  oo 

This  special  case  implies  that  the  evidence  "mass"  is  placed 
at  a  infinite  distance  from  the  hypothesis,  which  contributes  zero 
potential  to  the  hypothesis.  According  to  the  above  equations, 

lim  V  =  lim  =  0  (6) 

—00  r-oo  k  r 

This  IS  an  expected  result  Its  physical  meaning  is  that  the  evt- 
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Let  B}  be  another  evidence,  then  it  is  easy  to  show  that  the  fol¬ 
lowing  is  also  true. 

Lemma  1 :  Relative  dependency  is  transitive,  i.e., 

Pij=Pis’Psj’  (8) 

As  an  example,  consider  the  case  shown  in  Fig.3,  which  has 
two  evidences  A  and  B.  Suppose  the  relative  dependency  ratio 
Pab  b  given.  We  can  set  the  value  of  the  absolute  dependency  Rac 
based  on  the  desired  effect  of  A  onto  C.  Then  the  total  potential 
distribution  of  hypothesis  C  is  given  by 


■m.jl 


gx(0 

fcVtT-fi)*- 


^j—dt .  r 


/(t  -  S)’  +  Rbc^ 


where  Rbc  =  Pba  •  Rac-  Because  Vr(8)  only  shows  a  relative  de¬ 
gree  of  the  cumulative  potential  strength  of  each  point  on  the  hy¬ 
pothesis  C,  it  has  to  be  normalized  to  become  a  belief  function. 
The  resulted  belief  function  can  then  be  used  in  another  stage  of 
belief  combination  process  in  an  Inference  network. 

Another  factor  to  be  taken  into  consideration  is  the  length 
of  a  belief  on  which  a  mass  function  is  dbtnbuted.  Referring  to 
Fig.  3,  If  a  ratio  of  the  length  of  the  belief  A,  i.e.,  from  A  to 
A,  to  its  absolute  dependency  Rac  b  comparatively  large,  then 
the  potential  generated  from  one  end  of  the  evidence  A  on  the 
other  end  of  the  hypothesb  C  will  be  small.  Apparently,  the  final 
potential  dbtribution  on  C  will  depend  on  thb  length.  Thb  length 
forms  the  second  parameter  of  the  model  in  addition  to  the  first 
parameter,  i.e.,  the  absolute  dependency. 

Definition  5  :  The  ratio  of  the  length  of  the  interval,  where  a  belief 
function  distributes  on,  with  respect  to  the  absolute  dependency 
of  the  belief  function  b  called  belief  length  ratio  (B.L.R.). 

This  brings  up  an  argument  about  what  a  good  belief  length 
ratio  is  in  order  that  a  good  evidence  combination  result  can  be 
obtained  We  have  performed  some  simulations  in  order  to  find 
a  reasonably  good  range  of  this  ratio,  which  will  be  presented  m 
Section  4.  The  following  result  can  be  easily  proved. 

Lemma  2  :  If  the  belief  length  ratio  approaches  Infinite,  the  po¬ 
tential  value  of  each  pomt  on  the  hypothesis  will  converge  ly  a 


'Proof.:  THe  potential  value  of  the  hypothesis  at  5  is  given  by 

_ ■ 


Vc(«)  =  lizn  / 

t-*ooy-.£. 


k-d[t  -  B'f  +  Rac^ 


When  <  -•  00,  H'(t)  <  i  as  long  as  R/^c  ^  0-  By  elementary 
calculus,  the  V(;[6)  will  converge. 


2.3  A  Generalized  Procedure  for  Belief  Combination 

Based  on  the  above  potential  model,  we  propose  in  the  fol¬ 
lowing  »  procedure  for  computing  the  combination  of  n  evidences, 
which  can  resolve  the  dependency  conviction  problem  in  an  infer¬ 
ence  network.  Assume  there  are  n  evidences  to  be  combined,  which 
are  expressed  as  following. 


<!.{»)  Q 


i  =  l...n 


where  9,(9)  represei>t.s  a  mass  density  function  distributed  on  the 
interval  (in/,  sup|,  and  inf  represents  the  complement  of  sup.  The 
relative  dependency  ratio  between  the  ith  and  jth  beliefs  is  denoted 
by  P,r 

Procedure  of  combimtion  of  n  evidences 

(I)  Choose  one  of  the  n  beliefs  as  a  basic  belief,  say  j,  which  is 

supposed  to  the  strongest  evidence  supporting  the  desired  hy¬ 
pothesis;  Set  to  a  desired  value. 

(II)  Compute  the  ^tential  on  the 'hypothesis  by 


'4;  /■*' 


where  R,k„,  is  the  absolute  dependency  of  9,(9)  to  the  hy¬ 
pothesis,  and  (sup  -  inf]  =  beluf  length. 

(ill)  Normalize  1^|^(9)  to  a  probability  density  function  form. 

Note  that  a  rule  of  thumb  of  selecting  the  basic  belief  is  to 
choose  the  evidence  having  the  strongest  absolute  dependency  with 
respect  to  the  hypothesis. 


3  Examples  of  Simulation 

In  this  section,  the  feasibility  and  consistency  of  the  proposed 
potential  model  are  demonstrated  by  some  examples. 

Example  1. 

This  example  shows  the  capability  of  the  proposed  model 
to  manage  the  belief  combination  of  discrete  type  belief  functions. 
Suppose  the  uncertainty  of  a  belief  function  is  d'istributed  on  the 
(0, 1|  interval,  where  0  denotes  the  complete  false,  and  1  the  com¬ 
plete  true.  Assume  two  evidences,  A  and  B,  have  the  relative  de¬ 
pendency  pba  =  0.6,  which  implies  the  evidence  A  is  the  stronger 
one  of  the  two  evidences  with  respect  to  the  hypothesis  C.  Lot 

PaW  =  0.39(9  -  0.0)  +  0.49(9  -  0.5)  +  0.39(9  -  1.0) 

Pfl(9)  =  0.29(9  -  0.0)  +  0.49(9  -  0.5)  +  0.49(9  -  1.0) 

which  are  illustrated  in  Fig.  4.  Following  the  procedure  given  in 
the  previous  section,  the  absolute  dependency  R^c  is  chosen  as 
a  unit,  i.e.  R^c  -  !■  Hence,  the  absolute  dependency  Rsc 
determined  by  Lemma  I, 

Eac  =  =  1.666 

The  hypothesis  C  is  then  derived  by  applying  the  procedure 


of  Section  2.2.  The"  resulted  credibility  and  plausibility  of  belief 
function  Pc  (9)  of  the  hypothesis  C  are  tabulated  in  Table  1. 

B.  L.  R.  Ctc  0c  j  1  —  Pic  I 

_1 _  0.328649  0.346598  0.324753~| 

J _  0.325444  0.360448  0.3141081 

_5 _  0.325997  0.377129  {  0.296874  { 

_10 _ 0.329302  'a385782  0  284^1 

"20  0.332534  0.391732  0.27573r| 

50  a335258  0.396312  0.26843o| 

100  0.336332  0.398081  0.265587 

200  0.336903  '0.399021  0.264076 1 

~500  0.337258  0.399601 '!  0.263138  i 

1000  0.33737;  O99801  0.262821  jj 

Table  1:  the  result  of  proposed  model  applied  to  Fig.  4. 

Here,  we  have  employed  two  conventional  notations  which 
are  the  Cr,  eredibilitg,  referring  to  the  lower  bound  of  the  belief 
function  defined  in  (4)  and  (5),  and  the  PI,  plausibiliti/,  referring  to 
the  upper  bound,  for  the  sake  of  comparison.  From  Table  1,  we  can 
see  that  when  the  belief  length  ratio  approaches  infinite,'  the  belie! 
function  of  hypothesis  C  will  converge  to  a  stable  value,  which  is 
predicted  by  Lemma  2.  We  can  also  see  that  if  the  B.L.R  is  small, 
which  indicates  that  the  two  ends  of  belief  function  are  close  to 
each  other,  then  the  mutual  interaction  of  point  masses  is  strong, 
and  vice  versa.  From  the  simulation  result,  a  reasonable  choice  of 
a  belief  length  ratio  seems  to  be  about  20  to  100. 

In  |4|,  one  very  crucial  problem  has  been  pointed  out,  which 
is  that  in  a  sequential  programming  rule-based  system,  the  struc¬ 
tural  dependency  problem  can  hardly  be  avoided.  Referring  to 
Fig.S,  suppose  there  are  three  uncertain  facts  to  be  combined.  In 
a  sequential  programming  style,  two  of  them  have  to  be  combined 
first,  then  the  result  of  this  combination  combines  with  the  third 
one.  Two  possible  structures  of  combination  are  shown  in  Fig.  6. 
If  all  of  these  three  facta  are  totally  Independent  with  each  other, 
there  will  be  no  conflict  in  the  final  result  for  the  two  structures  in 
Fig.  6.  But  if  these  three  facts  we  partially  dependent  upon  one 
another,  then  confiict  will  happen.  The  final  results  obtained  from 
the  two  different  structures  will  be  inconsistent  with  each  other. 

Example  3. 

Consider  the  case  in  Fig.  5  and  the  two  different  structures 
of  combination  shown  in  Fig.  6.  Assume 

Cr(iVf)  =  0.98,  Pl[M)  =  0.99,  puk  =  pjfn  =  0.5, 

Cr(Af)  =  0.01,  Pl{N)  =  0.02,  PNM  =  0.1, 

Ct{K) -0.01,  P/(;f)  =  0.99,  pkm  =  0.9. 

Based  on  Hau’s  approach  (4|,  the  resulfi  listed  in  Table  2  will  be 
obtained. 

r~i>r~T  0A  1 1  -  pu 

Cd.'<e  1  0.006903  j  0.012857  0.980239 
Case  2  0.003064  j  0.033357  0.96357^ 

Table  2;  The  results  of  Hau's  approach  applied  to  Fig.  6. 

There  are  some  obvious  inconsistencies  in  the  results  of  Ta¬ 
ble  2.  From  the  assumption,  evidence  B  is  the  strongest  one  to 
support  the  hypothesis  A,  the  other  two  evideuciS  C  and  D  a.*e 
less  important  than  B.  According  to  Table  2,  the  resulted  credibil¬ 
ity  of  case  1  is  more  than  twice  of  that  of  case  2.  On  the  contrary, 
the  plausibility,  (Cr,^  +  0,^)  of  ease  1  is  only  half  of  that  of  case  2. 
These  results  indicate  that  Hau's  method  is  easily  subject  to  the 
combination  order  of  the  evidences,  which  w  not  consistent  with 
the  intuition  of  human  reasoning.  To  a  human,  if  these  three  ev¬ 
idences  are  given,  a  belief  function  associated  w'ith  A  should  be 
dominated  by  B,  since  the  relative  dependency  ratios  of  C  and  D 
indicate  their  less  influence  on  A,  and  because  O  has  a  stronger 
dependency  to  B  than  C,  B  should  have  the  dominant  impact  on 
A.  Therefore,  we  conclude  that  the  results  g’ven  by  Hau’s  method 
are  not  consistent  with  the  human  reasoning.  The  reason  why  the 
confiict  appears  in  this  example  is  that  the  mutual  dependency 
relationship  will  propagate  through  the  inference  network  Our 


model,  on  the  other  hand,  can  resolve  this  problem  and  provide  a 
much  more  reasonable  result  than  the  conventional  approaches.  As 
a  comparison,  we  use  our  model  to  compute  the  belief  function  of 
hypothesis  C  in  the  following. 

We  use  the  same  data  as  in  the  above  and  the  same  com¬ 
bination  structure  as  shown  in  Fig.  S.  We  apply  the  proposed 
procedure  given  in  Sec.  2.2.  The  results^re  listed  in  Table  3. 


B.  L.  R. 


1 


0.352041 


0,375143 


0.414667 


0.411216 


0.460307 


0.477805 


0.485792 


0.490254 


0.493070 


0.494030 


0.348043 


0.363695 


0.391576 


I  0.299916 


0.261162 


0.193757 


0.431718 


0.441651 


0.445354 


0.446039 


0.446269 


I  0.107975 


0.080544 


0.064391 


0.0608S1 


0.059702 


Table  3:  The  results  of  proposed  model  applied  to  case  of  Fig.  5. 


Based  on  Table  2  and  Table  3,  a  comparison  is  given  as 
follows.  Evidence  B  is  the  strongest  one  to  support  the  hypothesis 
A,  the  other  two  evidences  C  and  D  are  less  importa,it  than  B. 
To  a  human,  if  these  three  evidences  are  given,  a  belief  function 
associated  with  A  should  be  dominated  by  B,  since  the  relative 
dependency  ratios  of  C  and  D  indicating  their  less  influence  to  A.. 
Also  the  result  should  be  consistent,  despite  the  arrangement  of 
the  inference  network.  Referring  to  Table  3,  no  matter  what  the 
belief  length  is,  the  credibility  Cr^  end  plausibility  (CV,^  +  6,<)  , 
of  hypothesis  A  are  strongly  influenced  by  B,  and  only  slightly 
perturbed  by  C  and  D.  This  is  close  to  what  we  expect  from  the 
humari  reasoning. 


4  Conclusion 


1 


Our  method  offers  several  advantages  over  previous  methods. 
First,  the  conflict  due  to  the  mutual  dependency  relationship  among 
the  evidences  in  an  inference  network  is  solved.  Second,  not  only 
the  discrete  belief  functions,  but  also  the  arbitrary  continuous  b'v 
lief  functions  can  be  processed,  which  has  not  been  explored  up  to 
date.  The  merit  of  a  continuous  belief  function  is  that  it  can  lep- 
resent  the  vaguener*  of  a  human  concept  more  appropriately  than 
a  conventional  discrt'ie  one.  Third,  given  different  belief  length  ra¬ 
tios,  different  potentims  of  the  goal  will  be  obtained,  which  provides 
a  variety  of  options.  Fourth,  the  complexity  of  (.omputing  Demp¬ 
ster’s  belief  function  approach  or  Hau’s  approach  in  a  inference 
network  is  significantly  ;  educed  because  the  proposed  model  avoid 
the  inherent  structural  d-pendency  problem  of  a  lattice  structure. 
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Fatigue  monitoring  by  laser  speckle 


V.Z.  Dai,  A.  Kato  and  F.P.  Chiang 

A  non-contact,  non-destructive  remote  fatigue  damage  monitoring  technique  is 
described.  This  technique  employs  a  laser  beam  that  illuminates  the  surface  of  a 
cyclically  loaded  specimen,  and  an  image  processing  system  that  extracts  fatigue 
damage  related  information  in  the  speckle  panern  scattered  from  the  surface.  The 
spectrum  vvfidth  extracted  from  the  laser  speckle  pattern  increases  as  a  function  of 
the  number  of  loading  cycles,  indicating  the  possibility  that  it  may  be  utilized  for 
monitoring  fatigue  damage  development.  The  numerical  process  for  obtaining  the 
spectrum  width  is  discussed  in  detail  followed  by  an  experimental  demonstration  on 
a  tension-tension  fatigue  study  of  the  aluminium  alloy  6061-T6. 


K»y  words;  fatigue  monitoring;  lasers;,  speckle  pattern 


Fatigue  damage  moniisnrig  and  fa'-gue  life  prediction  have 
long  been  a  challenge  to  scientists  jn  mechanical  engineering 
practice.  A  high-sensitivitv,  more  practical  technique  is  still 
the  goal  of  many  experimental  engineers.  The  present  work 
describes  an  improved  spectrum  width  method  employing  a 
laser  beam  and  an  image  processing  system. 

Fatigue  damage  generates  slip  bands,  twinning,  intrusion, 
extrusion  and  some  other  topographic  features  on  specimen 
surfaces  where  cracks  are  believed  to  initiate.'  All  these  lead 
to  the  roughening  of  the  specimen  surface  as  measured  bv 
the  surface  roughness  parameters  such  as  height  deviation  and 
correlation  length.  When  illuminated  by  a  narrow  laser  beam, 
the  fatigue-induced  surface  roughness  in  turn  causes  changes 
in  the  reflected  a.ud  scattered  light  intensity'  distributions,  that 
is  a  laser  speckle  pattern.  This  phenomenon  rentiers  itself  as 
a  possible  means  for  monitoring  the  development  of  fatigue 
damage  This  possibility  has  been  e.tplored  and  methods  such 
as  optical  eoi relation,*  spectrum  width,’  double  peak,*  and 
speckle  contrast’  have  been  developed  so  measure  plastic- 
strain-induced  and  fitigue-ir.duced  material  damage.  While 
having  the  advantage  of  high  sensitivity,  the  optical  correlation 
technique  is  limited  m  its  practical  applications  because  it  is 
sensitive  to  rigid-body  movement  and  it  needs  a  time 
consumirg  wet  photographic  process.  The  spectrum  width 
method  has  been  applied  only  to  plastic  strain  contour 
measurements  and  its  behaviour  as  a  function  of  losdmg  cvcies 
IS  as  vet  unknown  The  double-peak  phenomenon  may  require 
a  sutticientiy  large  relative  lotation  between  the  illuminated 
ar*as  separated  by  a  wide  enough  crack.  This  means  ihat  the 
sensitivity  of  this  method  is  low  and  it  can  be  used  only  after 
the  crack  has  developed  to  a  substantial  sue.  The  speckle 
i.ontrast  method  suffers  from  the  fact  that  its  relation  with 
pla  ti'  strain  is  non  monotonic  complicating  the  interpretation 
of  the  experimental  results. 

Compared  with  the  above  mentioned  methods,  the 
spec’rum  width  technique  is  advantageous  because  it  is 
sensitive  to  surface  changes  piior  to  latigue  crack  initiation 
tnd  the  exper  menta!  set-  jp  is  relatively  simple  However, 
the  spectrum  wiJth  method  as  it  was  originally  introduced 
has  :wo  drawbacks  Firstly,  ;t  uses  onlv  one  cross  section  ot 
a  spetkie  pattern  rendering  the  experimental  results  ditterent 


with  different  choices  ol  scanning  direction;  secondls,  the 
determination  ot  the  spectrum  width  could  be  quite  erratic, 
especially  for  severely  roughened  surfaces  because  ot  the 
inherent  limitations  of  the  svstem  used.  In  order  to  overcome 
these  two  drawbacks,  we  used  a  digital  camera  and  an  image 
processing  svstem  instead  of  a  single  CdS  diode  and  .a  poieptial 
meter.  With  the  help  of  this  apparatus,  .numerical  p.^ocesslng 
such  as  smoothing,  normalization  and  optimization  can  be 
performed  on  digitized  speckle  patterns.  As  a  result,  the 
whole  speckle  pattern  recorded  within  a  certain  spatial 
frequency  range  is  being  utilized.  In  addition,  the  determi¬ 
nation  of  the  spectrum  width  becomes  more  accurate  and  its 
correlation  with  the  tatigue  damage  more  reliacle. 

Principle  of  the  method 

Fatigue  processes  may  roughen  the  specimen  surtace  iFig  1 1 
bv  increasing  the  surtace  height  dewation  and  decreasing  the 
surface  correlation  length.  When  a  fatigued  specimen  surtace 
IS  illuminated  by  a  laser  beam  iFig.  2),  the  reflected  and 
scattered  light  intensity  distributiuii.  m  the  form  ot  a  speckle 
pattern,  carries  suifice  roughness  and  hence  tatigue  damage 
related  information  Before  the  speckle  pattern  is  applied  to 
the  study  of  fatigue  damage,  it  is  necessary  that  the  relation 
between  a  rough  surface  and  the  speckfe  pattern  scattered 
from  It  be  discussed  briefly. 

Suppose  that  a  laser  dlummates  a  specimen  surtace  in  the 
X-Y  plane  and  the  light  scattered  trom  the  surface  is  obsened 
on  a  piece  of  ground  glass  on  the  L’-V  plane  as  shown  m 
Fig  2  If  the  surface  slopes  are  small  and  depolarization, 
.Tiultiple  scattering  and  shadowing  are  negligible,  then  the 
electromagnetic  field  0{x.yi  in  the  X-Y  plane  immediatelv 
to  the  right  ol  the  specimen  surface  is  related  to  the  surface 
height  variation  h{x,yj  by’ 

0(x,y)  =  cos  (1; 

where  R  is  the  average  reflectivity,  Ax,y;  is  the  complex  field 
incident  on  the  surtace,  \  is  the  wavelength  ot  the  incident 
light  and  8  is  the  angle  formed  b\  the  incident  light  ano  the 
surface  normal 
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Fig.  1  An  optical  mierotcopie  photograph  showing  fatigue* 
induced  roughening  (aluminium  6081*T6;  33840  tenaion- 
tansion  loading  cycles;  lOOx) 


If  the  distance  between  the  specimen  surface  {X-Y)  and 
the  observation  plane  (U-V)  is  great  enough  that  the 
Fraunhofer  approximation  can  be  used,  the  complex  amplitude 
A(«,v)  at  the  U-V  plane  is* 

=<  exp(-i^(«*  +  t'>))dA:d>  (2) 

where  C  is  a  complex  factor,  and  L  is  the  distance  between 
the  observation  plane  and  the  specimen  surface.  Aside  from 
the  factors  preceding  the  integral.  Equation  (2)  is  the  Founer 
transform  of  the  complex  held  0{x,y),  evaluated  at  the  spaual 
frequencies 

h  =  (3) 

/,  =  vl\L 

where  /,  and  are  the  spatial  frequencies  along  the  X-  and 
K-directions,  respectivels ,  and  «,  t  are  the  coordinates  in  the 
plane. 

It  should  be  pointed  out  that  the  term  spatial  frequenci 
used  m  this  discussion  reters  to  the  spatial  frequents  ot  the 


complex  field  0(x,y)  rather  than  that  of  the  surface  proiiie 
variation  f(x,y).  They  are  approximately  the  same  oniv  tor 
extremely  smooth  surfaces.  This  requires  2ito  X  <*  1.  tthere 
a  is  the  surface  height  deviation  or  root  mean  square 
roughness.  The  polishing  process  in  the  present  studv  yieids 
surfaces  with  2it(t/\  «  1,  whereas  the  fatigue  damage  roughens 
surfaces  to  2ira/\  >  1. 

The  light  intensity,  which  is  what  is  being  recorded  on 
either  a  photographic  film  or  a  CCD  camera,  on  the 
plane  is 

/(u.v)  =  (4) 

where  A'^(d,v)  is  the  complex  conjugate  of  .4(«.:  j.  On 
substituting  Equation  (2)  into  the  above  expression,  we  obtain 

ST' il'.r.®*'""’ 

+  (5) 

Aside  from  a  constant,  this  intensity  maps  the  power 

spectrum  of  the  complex  field  0(x,y)  immediately  in  front 
of  the  illuminated  surface.  It  is  a  function  of,  among  many- 
other  factors,  the  surface  height  variation  h(x,y).  Fatigue 
damage  changes  h{x,y)  and  hence  alters  its  corresponding 
speckle  pattern.  For  surfaces  with  low  initial  surface  roughness 
values  (for  instance,  o  "•  0.1  p.m),  the  fatigue  damage 
development  tends  to  increase  the  high  spatial  frequency 
contents  while  decreasing  the  low  spatial  frequency  contents 
in  the  speckle  pattern.  This  leads  to  the  speckle  pattern 
spreading  out  and  hence  the  increasing  of  the  spectrum  width. 
This  is  the  fundamental  principle  of  the  proposed  technique. 

Method 

Figure  3  shows  some  experimentally  obtained  speckle  patterns 
at  different  stages  of  fatigue  dam.-tge  development  of  a  cyclically 
loaded  (tension-tension)  specimen.  Tlie  specimen  was  made 
of  the  aluminium  alloy  6061 -Tb  with  two  edge  notches  of 
radius  6.35  mm  as  shown  in  Fig.  2.  A  laser  beam  was  pointed 
at  the  central  region  of  the  specimen  where  it  was  free  of  the 
cracks  that  were  generated  from  the  notch  roots  by  the  loading 
cycle.  Figures  3(a),  (b)  and  (c)  are  the  speckle  patterns  of 
such  a  point.  It  can  be  seen  that  before  the  specimen  is  loaded 
the  speckles  are  distributed  around  the  central  tpike  and  have 
a  preferred  orientation  owing  to  the  polishing  processes 
(Fig.  3(b)).  As  the  number  of  loading  cycles  increases,  the 
speckles  spread  out  and  the  speckle  patterns  (Fig.  3(a),  (c)) 
appear  to  be  circular  till  failure.  This  implies  that,  under  the 
test  conditions,  fatigue  damage  roughens  the  surface  of  the 
specimen  isotropically.  The  speckle  panem  of  the  fatigue 
crack  (Fig.  3(d)),  on  the  other  hand,  is  not  circular.  The 
difference  in  speckle  patterns  of  points  at  and  away  from  a 
fatigue  crack  may  be  used  to  detect  the  location  of  the  crack. 
However,  for  the  purpose  of  fatigue  life  prediction,  only,  the 
speckle  patterns  taken  at  a  certain  distance  (about  3  mm; 
away  from  the  crack  tip  were  studied. 

As  si, own  in  Fig.  3,  a  speckle  pattern  contains  high- 
frequency  speckles  and  a  low-frequency  envelope.  Speckles 
by  themselves  carry  surface  feature  information  only  for  \er\ 
smooth  surfaces  (o  <  0. 15X),'  while  the  envelope  can  be  used 
for  a  much  wider  range  of  surfaces  ‘  The  half  spectrum  w  idth 
method,  as  it  was  originally  proposed,  made  use  of  this 
envelope,  but  only  along  a  cross  section  Therefore  ns 
application  is  limited  to  onhotropic  or  iSotropic  surfaces 


I 
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Even  for  isotropic  surfaces,  the  light  intensity  distribution 
along  a  particular  cross  section  of  the  speckle  pattern  wouli^ 
vary  wildly  because  of  the  random  nature  of  the  speckles. 
This  scattering  makes  the  half  spectrum  width  vary  along 
different  directions.  As  will  be  shown  in  the  following 
discussion,  some  numerical  treatments  can  greativ  depress  the 
speckle  noise  with  the  help  of  an  image  processing  system. 

Smoothing  of  tho  scattoring 

The  scattering  in  the  light  intensity  distribution  can  be  reduced 
by  taking  the  ensemble  average,  the  spatial  average,  or  by 
smoothing  Among  these  methods,  ensemble  averaging  is  the 
best  because  it  does  not  alter  the  shape  of  the  envelope  bv 
factors  not  related  to  surface  features  However,  ensemble 


averaging  requires  taking  mans  speckle  patterns  from  surfaces 
that  are  statistically  the  same.  This  process  needs  e.xcessive 
processing  time  rendering  it  impractical 

Because  of  the  symmetrs’  properties  of  the  resulting 
speckle  patterns,  the  spatial  average  can  be  used  instead  ot 
the  ensemble  average.  This  may  be  done  using  the  toilo«ing 
steps;  (i)  finding  the  centroid  of  a  speckle  pattern,  iiu  drawing 
circles  from  the  centroid  with  incremental  radii,  (ml  grouping 
points  according  to  their  distance  trom  the  centroid,  and  i\ 
averaging  the  intensities  ot  the  sorted  points  within  each  ot 
two  neighbouring  circles. 

Let  the  digitized  intensity  distribution  ot  'he  speckle 
pattern  be  g(i,y/  and  the  coordinates  ot  its  centroid  .  .  /,  the 
determination  of  the  centroid  » ill  be  discussed  m  the  toilosv  .r.c 
section  A  then  its  spatial  average  g  '  trom  the  centroid  .j 
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where  r,  =  [(j  -  ij*  +  {;  -  and  n,  is  the  number  of 

points  within  the  rin^  i  -  1  <  r,  <  «. 

Such  a  spatial  averaging  may  not  be  sufficient  to  depress 
the  speckle  noise,  especially  at  regions  near  the  centroid,  since 
the  number  of  points  averaged  is  small  when  r,  is  small. 
Therefore,  :he  spatially  averaged  intensity  distribution  needs 
to  be  further  smoothed  by  a  smooth  averaging  method  using 
the  following  equation;- 

1  '** 

I-* 

The  number  of  averaging  points  2k  +  1  should  be  chosen 
with  care  because  it  may  degrade  the  sharpness  of  the  central 
spike  in  a  speckle  pattern  for  smooth  surfaces  and  hence  may 
alter  the  spectrum  width.  Other  than  that,  it  should  be 
determined  by  the  average  size  of  the  speckles  such  that 
+  1  >  2ki,  where  k^  is  the  average  number  of  pixels 
occupied  by  a  speckle. 

For  the  purpose  of  demonstrating  the  effects  of  the 
numerical  processing,  the  speckle  patterns  of  a  tensile  specimen 
loaded  uniaxially  to  different  degrees  of  plastic  deformation 
were  utilized.  Figure  4  was  obtained  by  plotting  the  smoothed 
average  intensity  against  the  radius  r,.  The  definition  of  the 
spectrum  width  is  also  given  in  this  figure.  It  is  seen  that  the 
curve  has  become  quite  smooth  making  the  determination  of 
the  spectrum  width  much  easier. 

Ctntroid 

The  centroid  of  a  speckle  pattern  is  taken  to  be  the  specular 
reflection  point  from  the  surface  in  question.  This  point  is 
clearly  seen  for  speckle  patterns  of  smooth  surfaces  (o  < 
0.1  (am)  when  using  a  He-Ne  laser  (X  «  0.6328  |un).  Qq. 
the  other  hand,  only  an  area,  where  the  spectral  reflection 
point  is  supposed  to  reside,  could  be  observed  for  rougher 
surfaces  (0.1  |am  <  o  <  0.5  tarn).  For  even  rougher  surfaces 
(o  >  0.5  tarn),  it  is  next  to  impossible  to  determine  the 
centroid  without  the  aid  of  appropriate  instruments.  In  this 
study  the  specular  reflection  point  is  determined  numerically 
by  a  moment  method  using  the  followuig  equation: 

m  m 

=  -  (8) 

1-1 /-I 

and 


m  ft 
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where  m  and  n  are  the  number  of  pixels  along  the  i  and  / 
directions,  respectively.  They  both  took  the  value  of  256  tor 
the  uniaxial  tension  test. 

Generally  speaking,  the  moment  method  does  not  >  ;cla 
an  accurate  result  because  of  the  limited  recording  range  ot 
the  spatial  frequencies.  Suppose  the  light  intensity  distribur!c:i 
of  a  speckle  pattern  assumes  a  conical  shape  and  thereafter 
its  cross  section  across  the  centroid  is  triangular.  Two'  '..ch 
triangles  I  and  11  for  the  same  recording  system  are  shown 
in  Fig.  5.  The  distance  k  is  the  maximum  length  that  could 
be  recorded  by  the  system.  It  is  related  to  the  maximum 
recording  spatial  frequency  by  Equation  (2).  We  discuss  two 
cases; 

1)  If  the  centre  linet^E*'  for  both  ^triangles  coincide, 
respectively,  with  the  centre  lines  rc'  of  the  recording 
lens,  then  the  moment  method  gives  the  correct 
coordinates  of  the  centroid. 

2)  More  often  than  not,  they  do  not  coincide  with  each 
other.  For  the  case  of  triangle  1,  the  moment  method 
still  yields  the  correct  results  as  long  as  the  whole 
triangle  remains  in  region  -b  lo  h.  However,  for  the 
case  of  triangle  II,  the  moment  method  does  not  give 
the  correct  location  of  the  centroid. 

In  order  to  overcome  this  problem,  an  approximate 
centroid  was  obtained  by  the  moment  method,  and  spatialiv 
averaged  intensity  distributions  were  computed  for  a  number 
of  points  around  the  approximate  centroid.  Then  the  sum¬ 
mation  of  the  first  ten  average  intensities  for  each  distribution 
was  taken.  The  point  corresponding  to  the  maximum  sum¬ 
mation  of  the  first  ten  average  intensities  was  taken  as  the 
centroid.  Figure  6  shows  a  comparison  of  averaged  intensity 
distribution  curves  computed  from  different  centre  points 
Curve  1  was  based  on  the  approximate  centroid  calculated  bv 
the  moment  method  and  the  other  four  curves  were  computed 
at  points  that  were  three  pixels,  equivalent  to  4.5  lines/mm 
of  spatial  frequency,  away  from  the  approximate  centroid  in 
four  different  directions.  It  is  seen  that  for  this  specific  case 
the  distributions  are  quite  different  and  this  difference  could 
affect  the  measurement  of  the  spectrum  width  if  the  above 
procedure  is  not  followed.  Point  4  was  chosen  as  the  centroid 
based  on  the  method  described  above.  Points  I,  2,  3  and  5 
all  violate  the  assumption  that  the  intensity  (average  gra\ 
level)  should  be  a  maximum  at  the  zero  spatial  frequenci 


Fig  4  Smoothed  intensity  distribution  and  definition  of  spec¬ 
trum  width 
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Fig  5  Effect  of  bandwidth  of  recorded  spai'al  frequency 
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Fig  6  Effect  of  different  centroids  on  the  intensity  distribution 


Normalization 

Figure  7  is  a  plot  of  the  average  intensity  distributions  at 
different  levels  of  the  plastic  deformation.  It  is  seen  that  for 
distribution  curves  corresponding  to  a  large  plastic  strain, 
such  as  curve  5  with  10.42%  plastic  strain,  it  becomes  difficult 
to  determine  the  spectrum  width  because  the  curve  is  quite 
flat. 

This  problem  was  solved  by  normalizing  the  intensity 
distribution  by  taking  the  average  of  the  first  ten  intensities 
from  the  centroid  ot  the  distribi...jn.  The  reason  tor  taking 
the  average  of  the  first  ten  intensities  instead  of  the  intensity 
at  the  centroid  is  again  to  reduce  the  error  caused  by  speckle. 
Denoting  this  average  by  g,3.  then 


and  the  averaged  light  intensity  is  normalized  by  the  following 
expression 

g'(rj  =  256g,(r,)/g,j  (U) 

Thus  normalized,  the  curves  in  Fig.  7  were  replotted  as 
shown  in  Fig.  8.  As  can  be  seen,  the  determination  of  the 
spectrum  width  has  become  easier  and  more  accurate. 

Figure  8  also  shows  that  the  portion  of  the  curve  at  high 
spatial  frequencies  is  smoother  than  that  at  low  spatial 
frequencies.  The  reason  is  that  toward>  the  higher  spatial 
frequencies  the  radii  are  becoming  larger  and  covering  more 
points  and  the  average  is  taken  of  more  and  more  points. 
This  implies  that  the  spectrum  width  defined  on  the  lower 
ponicn  of  the  curve,  such  as  the  quarter  spectrum  width,  m 
general,  offers  a  better  signal-to-noise  ratio  than  that  defined 
on  the  higher  portion,  for  example  the  half  spectrum  width 
(Fig.  4). 


Fig  7  Intensity  Oistribut.on,  at  different  plastic  deformation 
levels 


Fig  8  Normalized  intensity  distributions  at  different  piastic 
deformation  levels 


Results 

Tension-tension  fatigue  tests  were  carried  out  on  specimens 
made  of  aluminium  alloy  606I-T6  (tensile  yield  strength  t, 
=  465  MPa).  The  specimens  were  cut  from  stock  sheet  along 
the  rolling  direction  and  their  surfaces  were  polished  using  a 
cloth  buffer  wheel  with  an  aluminium  dioxide  polishing 
powder  to  an  initial  surface  roughness  ot  o  «  C.  1  (am  on  the 
area  of  interest.  Two  symmetrical  semicircular  notches  n.ere 
cut  on  each  side  ot  the  specimen.  The  radii  ot  the  notches 
were  1.5875  mm,  5.35  mm  and  9.525  mm  tor  the  three 
specimens,  respectively.  The  dimensions  of  the  specimens  are 
given  in  Fig.  9.  The  thickness  of  the  specimens  was  3. 1 75  mm 
The  specimens  were  fatigued  in  a  testing  machine  under  a 
stress-controlled  cyclic  tension-tension  loading  condition. 
The  maximum  nominal  tensile  fatigue  stress  was  = 
372  MPa  and  the  minimum  nominal  tensile  fatigue  stress  was 
Tmin  “  ^b.5  MPa,  which  are  80%  and  10%.  respectively .  ot  the 
tensile  strength  of  the  tested  material.  The  mean  cvciic  loading 
stress  was  209.25  .MPa  and  the  magnitude  of  the  cyclic 
loading  was  t,  =  152.75  .MPa.  The  trequencv  of  the  cvciic 
loading  was  6  Hz. 

A  set-up,  as  schematicallv  illustrated  in  Fig.  2,  was  used 
to  demonstrate  the  applicabilitv  ot  the  technique.  .A  15  mVi' 
He-Ne  laser  with  a  beam  radius  ot  about  1  mm  was  used  as 
the  illuminating  light  source.  A  high-speed  digital  camera  was 
used  for  digitizing  the  laser  speckle  patterns  at  ditterent 
loading  cycles.  The  speed  of  the  camera  was  set  at  2CC  trames 
per  second  and  its  resolution  at  238x192  pixels,  each  varvmg 
from  0  to  64.  The  laser  beam  was  directed  at  the  centre 
portion  of  the  specimen  between  the  two  notches.  Because 
the  speckle  pattern  change  induced  bv  the  elastic  response  is 
negligible  compared  with  that  caused  by  the  fatigue  damage. 


Fig  9  SpectrurruviOth  pioned  against  fatigue  life  for  spec-mens 
with  different  notch  radii 
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the  speckle  patterns  »ere  recorded  while  the  specimen  was 
being  cyclically  loaded  without  stopping  the  test  machine. 
Several  speckle^patteras  were  recorded  at  different  loading 
cycles.  The  digitized  speckle  patterns  were  later  processed  on 
a  computer  numerically  by  the  procedures  described  in  the 
previous  sections. 

Figure  9  shows  some  experimental  results  for  the 
aluminium  specimens  of  different  notch'  radii.  The  spectrum 
width  was  defined  at  the  point  where  the  intensity  was  20 
(the  maximum  intensity  was  64).  It  is  seen  that  the  spectrum 
width  does  not  change  much  at  early  stages  of  cyclic  loading. 
However,  it  lumps  drastically  when  the  specimens  have  been 
cyclically  loaded  to  about  one  quarter  of  their  total  fatigue 
life.  This  sudden  change  in  spectrum  width  reflects  the  drastic 
surface  roughness  change  that  may  be  the  result  of  the 
development  of  slip  bands.  It  also  shows  thatthe  smaller  the 
notch  radius,  the  earlier  the  drastic  change  in  the  spectrum 
occurs.  This  may  be  because  of  the  fact  that  a  smaller  notch 
radius  results  in  a  greater  stress  concentration  and  hence 
earlier  slip  bands  and  fatigue  crack  development.  It  is 
interesting  to  note  that  for  small  enough  radii,  the  spectrum 
width  becomes  almost  constant  after  the  drastic  change  at 
about  25%  fatigue  life,  implying  that  the  surface  roughness 
does  not  change  much  afterwards.  In  contrast,  (or  specimens 
with  a  sufficiently  large  notch  radius,  the  spectrum  width 
increases  constantly  with  the  number  of  loading  cycles. 

Conclusions 

An  improved  spectrum  width  method  has  been  developed 
and  shown  to  be  effective  in  a  fatigue-induced  surface 
roughening  study  and  m  fatigue  life  monitoring.  It  is  found, 
for  specimens  made  of  aluminium  alloy  606 1 -Tb  under 
tension-tens'on  cyclic  loading,  that  the  surfaces  of  the 
specimens  are  roughened  isotropically.  For  fatigue  life  moni¬ 
toring,  the  spectrum  width  was  observed  to  increase  with  the 
number  of  loading  cycles.  The  increasing  rate  strongly  depends 
on  the  dimension  of  the  notch  radius,  which  results  in 
different  magnitudes  of  the  stress  concentration.  A  drastic 
change  in  spectrum  width  occurs  at  about  25%  of  the  fatigue 
life,  which  may  be  the  result  of  the  development  of  persistent 
slip  bands.  This  drastic  change  in  the  spectrum  width  may 
be  used  as  a  criterion  for  the  determination  of  the  fatigue  life. 

This  technique,  with  the  merits  of  being  a  non-contact 
and  non-destructive  method,  has  the  potential  of  being 
applied  to  homogeneous  and  composite  material  tests  at  high 
temperatures.  It  is  believed  that  such  studies,  which  can  not 


be  investigated  by  most  of  the  conventional  methods,  will  be 
of  ma|or  importance  in  the  years  to  come.'*  '• 
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Abstract.  Stetistical  properties  of  plastically  roughened  metallic  surfaces 
are  studied  together  with  the  relation  between  the  angular  distribution  of 
the  reflected'pluS'Scattered  intensih/  from  such  a  surface  and  the  plastic 
deformation  it  has  experienced.  The  height  probability  density  distribution 
of  the  plastically  roughened  surfaces  is  shown  to  be  Gaussian.  The  surface 
autocorrelation  function  is  neither  Gaussian  nor  exponential,  even  though 
the  former  fits  the  experimental  data  better.  The  combination  of  a  scalar 
scattering  theory  and  the  plasticity-induced  surface  roughening  empirical 
relations  yields  some  new  expressions.  These  expressions  relate  scattered 
light  with  plastic  deformation  for  surfaces  with  Gaussian  or  exponential 
autocorrelation.  The  applicability,  convergence,  and  limitation  of  the  thus 
obtained  expressions  are  also  studied.  A  theoretical-numerical  analysis 
provides  background  to  some  existing  strain  measuring  methods,  such 
as  the  maximum  Intensity,  half  width,  and  correlation  coefficients.  The 
present  approach  is  verified  favorably  by  some  experiments  on  aluminum 
alloys  and  is  in  support  of  the  experimental  results  in  literature. 

Sub/eer  ttrim:  $eatt$ring;  p/atr/cfty-induetd  rough$ning;  surface  roughness:  $ta- 
tistieet  paremeters;  strain  astastment. 
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1.  INTRODUCTION 

Plastic  deformation  roughens  the  surface  of  metallic  materials 
by  increasing  its  height  variation  and  decreasing  its  profile  wave¬ 
length  and  thereby  changes  the  angular  distribution  of  the 
reflected-plus-scattered  intensity,  which  shall  be  called  scattered 
field  in  the  following  discussion,  from  the  surface.  This  phe¬ 
nomenon  has  generated  interest  in  the  fields  of  both  physics  and 
mechanics. 

Various  theories  have  been  developed  for  relating  the  scat¬ 
tered  field  with  statistical  parameters  of  the  rough  sutface  as 
dibcussed  in  an  excellent  review  by  Bennett  and  Matisson  ‘  One 
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of  them  is  a  vector  scattering  theory*  that  is  developed  primarily 
for  very  fine  surfaces  such  as  optical  sutfaces.  Another  is  a  scalar 
scattering  theory^'*  that  can  be  applied  to  a  wider  range  of  sur¬ 
faces.  The  emphasis  of  these  studies  is  placed  on  the  under¬ 
standing  of  the  scattering  electromagnetic  waves  from  a  rough 
surface.  The  applications  of  these  theories  have  been  mainly  on 
the  determination  of  surface  statistical  characteristics.' 

In  the  field  of  mechanics,  the  change  in  the  scatteied  field 
from  a  metallic  surface  experiencing  plastic  deformation  has 
been  used  as  a  measure  of  plastic  strain.  Many  methods,  such 
as  the  maximum  intensity,^  half  width,'  intensity  at  a  certain 
distance  from  the  specular  reflection  point,^  contrast.^  correla¬ 
tion  coefficients.'®  etc.  have  been  proposed.  These  works  are 
empirical  in  nature  and  contributes  little  to  the  understanding  of 
the  fundamental  relation  between  scattered  field  and  plastic  de¬ 
formation.  In  3  recent  study."  plastic  deformation  caused  scat¬ 
tering  is  investigated  by  means  of  a  scalar  scattering  theory 
However,  some  key  issues,  such  as  the  height  distribution  and 
the  form  of  autocorrelation  function  of  the  plastically  roughened 
surfaces,  and  the  applicability  of  the  scattering  theory,  arc  not 
discussed.  Such  discussions  are  essential  for  the  proper  appli¬ 
cation  of  the  scalar  scattering  theory  to  plastic  deformation  a»- 
sessment. 

The  purpose  of  the  present  work  is  therefore,  (ai  to  study  the 
statistical  properties  of  the  plastically  roughened  surfaces,  tbi  to 
express  the  scattered  field  in  terms  of  plastic  strain  for  sur:ace> 
with  Gaussian  and  exponential  autocorrelation,  to  to  study  me 
applicability  and  limitation  of  these  expressions,  (d)  to  provide 
a  theoretical  background  to  some  existing  plastic  strain  evalu¬ 
ating  parameters,  and  (e)  to  verify  the  present  approach  exper¬ 
imentally. 
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2.  PROPERTIES  OFTLASTICALLY  ROUGHENED 
SURFACES 

Surface  statistical  properties  such  as  height  distribution  and  au¬ 
tocorrelation  function  were  studied  on  uniaxial  tensile  specimens 
mi.cle  of  aluminum  2024  alloy.  Specimens  were  polished  by  cloth 
buffer  wheel  and  alumina  powder  to  an  initial  surface  rms  rough¬ 
ness  of  about  0.05  |xm.  Then  the  specimens  were  loaded  on  a 
testing  machine  to  different  amount  of  plastic  deformation  and 
surface  roughness.  Plastic  deformation  is  quantified  by  shear 
strain  y.  which  by  definition  is  the  angular  change  between  two 
line  segments  that  are  originally  perpendicular. 

A  stylus-type  profilometer  was  used  to  measure  height  var¬ 
iation  by  mechanically  scanning  the  specimens'  surface.  The 
radius  of  the  stylus  tip  was  5  p-m.  The  sampling  interval  between 
each  two  adjacent  points  was  2  p.m.  and  the  sampling  length 
was  2  mm  in  length.  These  parameters  met  the  requirements 
that  the  sampling  interval  be  less  than  10%  of  profile  correlation 
length  and  that  the  sample  length  be  about  60  times  the  corre¬ 
lation  length.'*  The  surface  profile  signal  from  the  profilometer 
was  digitized  by  a  data  acquisition  system  and  then  processed 
by  a  computer.  Ten  trials  were  made  with  a  toul  of  10,000 
measured  profile  data  for  each  specimen,  and  each  trial  was 
made  along  a  direction  perpendicular  to  the  loading  direction. 
Unlike  most  machined  surfaces,  the  roughness  of  plastically 
deformed  surface  of  polycrystalline  material  is  isotropic."’  This 
means  that  surface  height  variation  measured  along  one  direction 
may  be  regarded  as  the  surface  statistical  properties  of  the  spec¬ 
imen  along  any  other  directions. 


2.).  Statistical  characteristics 

The  measured  profile  height  variation  along  each  trial  was  first 
leveled  using  the  least  square  method  to  make  the  mean  zero. 
The  height  probability  density  distribution  was  made  on  all  the 
10.000  data  points  for  each  specimen.  Figure  1  shows  some  of 
the  height  histograms  at  different  plastic  deformation  levels.  Tlte 
solid  line  is  a  Gaussian  function,  which  was  obtained  by  fitting 
the  data  using  the  least  square  method.  It  is  safe  to  say  that  the 
height  distribution  of  plastically  roughened  surfaces  may  be  ap¬ 
proximated  by  a  Gaussian  curve. 

The  autocorrelation  of  a  profile  h(x)  is  defined  as 


C(T) 


s 


I  hlx,)  X  hlx,  +  t) 
12"- 1 


(1) 


where  t  is  the  lag  length.  The  lag  length  r  at  which  the  value 
of  the  autocorrelation  function  drops  to  1/e  ("*0.368)  of  that  at 
T  »  0  is  denoted  as  T  and  called  conrelation  length. 

The  autocorrelation  function  C(t)  may  take  two  simple  forms: 
Gaussian  and  exponential.  The  Gaussian  autocorrelation  with 
correlation  length  T  is 


C(T)  =  exp(-Tvr^)  ,  (2) 

The  exponential  autocorrelation  with  correlation  length  T  is 

C(t)  =  exp(-|T|/r)  .  (3) 

The  autocorrelation  of  each  specimen  was  obtained  by  taking 
the  average  ot  the  autocorrelation  functions  computed  for  ten 
trials  Figure  2(a)  shows  the  surface  profile  at  y  =  3  0%  and 
Its  corresponding  autocorrelation  function.  Figure  2  shows  the 
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ng.  1.  Histogram  of  proflio  height  at  dUfarant  strain  lovtls  tbasad 
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autocorrelation  distributions  for  surfaces  with  height  histogranH 
as  shown  in  Fig.  1.  The  experimental  data  were  fitted  bmh  iP 
Gaussian  and  exponential  functions.  The  quality  ot  fitting  i> 
measured  by  the  deviation  which  is  defined  as 


S  (C/(T,)  -  C(T,il* 
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where  C/(t,)  is  the  value  of  fitting  function  at  point  i  The  miuII 
the  value  s,  the  better  is  the  fitting.  The  fitted  curves  are  aNo 
shown  in  Fig.  2.  It  is  seen  that  the  experimental  data  appear  A 
be  neither  Gaussian  nor  exponential,  even  though  Gaussian  funt^ 
tion  is  a  bener  approximation  (s  is  smaller)  for  most  ca^es. 
Exponential  fitting  is  quite  off  especially  for  small  plastic  sirai 
As  the  plastic  strain  increases,  however,  the  experimentally  o 
tained  autocorrelation  function  tends  to  approach  exponenti 
distribution  as  indicated  by  the  change  in  the  deviation  t  shoun 
in  the  figures.  ^ 

It  should  be  pointed  out  that  the  surface  height  meavunnB 
apparatus  described  earlier  has  its  limitations  posed  bv  the  raJiiP 
of  the  stylus,  sampling  interval,  and  sampling  length  Sever- 
theless,  as  shall  be  experimentally  demonstrated  later  m  th|B 
discussion,  Gaussian  function  seems  to  be  a  better  approxmuiiol 
to  the  autocorrelation  of  the  surfaces  roughened  by  plastic  de¬ 
formation. 


2.2,  Plastic  strain  and  surface  roughness 

Surface  roughness  is  generally  characterized  by  rms  roughness 
cr  and  profile  correlation  length  T.  Some  expenmental  ohser|| 
vations  on  plastic  strain  induced  roughening  for  aluminum  202-i-TM 
alloy  are  shown  in  Table  1.  The  empirical  relation  beivseen  tr, 

T,  and  shear  strain  y  are  obtained  by  fining  these  experimental 
data  using  the  least  square  method  The  empirical  relation  beB 
tween  a  and  y  is  • 
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3.  The  incident  wave  is  plane  and  linearly  polarized. 

4.  The  point  of  observation  is  m  the  Fraunhofer  region  of 
diffraction. 

5.  The  profile  curvature  is  much  larger  than  the  wavelength 
of  the-  incident  light. 

6.  Shadowing  and  multiple  scattering  may  be  neglected. 

Under  these  conditions,  the  solution  describing  the  mean  scat¬ 
tered  field  <  pp*  >  is* 

2ttF^  r 

<  pp*  >  =  — —  -'o(V,vT)  X:(V:'  -  V;:T)T  d7  .  (7l 

A  Jo 

where  <  •  •  •  >  denotes  ensemble  average;  A  is  the  area  being 
illuminated;  Jo  the  Bessel  function  of  the  first  kind  of  order  zero; 
T  the  distance  between  two  poinu  on  the  rough  surface;  x;iv' 
-  u.;t)  is  the  2-D  Fourier  transform  associated  with  the  prob¬ 
ability  density  distribution  of  ^(jt.y);  and  f  .Vr.u,,  are  defined  as 
follows* 

f  -  1  cos9i  cos92  -  sine  I  sin6;  cosB} 
cosei(cos0i  +  cosB’) 


Fig.  2.  Autocorrelation  dintributlon  at  difftrent  strain  lavtlf  (bated  v-  -  ^(cos6|  +  cosO:)  . 
on  to  trials  with  a  total  o(  10,000  data  points),  (t)  y  *  2.00%,  a  • 

0.17  pm,  T  ■  44.0  pm;  (b)  y  »  4.32%,  <r  ■  0.33  pm,  T  ■  35.f  pm;  _ _  *’ 

(e)7  ■  1.25%,  o  ■  O.W  pm,  T  ■  30.4  pm;  and  (d)x  ■  11,12%,  <r  s  itVsjn’Oi  -  2  sinB;  sin6:  cos6j  +  sin"6;  • 

*  0.87  pm,  7  ■  42.0  pm. 


o  «  7.2ly -f  0.02  (pm)  (5) 

p‘’ere  y  by  definition  is  unitless  and  the  two  constants  carry  the 
same  unit  as  that  of  a,  i.e.,  pm. 

The  empirical  relation  between  T  and  y  is 


T  = 


0.66 


y  +  0.008 


+  20.43  (pm) 


(6) 


where  k  -  2‘n/\;  X  is  the  wavelength  of  the  incident  light  beam; 
and  the  definitions  of  the  angles  6|.  0:,  0j  are  given  in  Fig.  3. 

Equation  (7)  is  a  general  solution  that  can  be  applied  to 
surfaces  with  any  autocorrelation  functions.  If.  however.  ?(.r.y> 
is  a  normal  process  with  mean  zero,  standard  deviation  o.  and 
autocorrelation  C(t).  then  it  can  be  evaluated  by  a  senes  e.'t- 
pansion  or  by  saddle-point  integration.  The  senes  expansion  of 
Eq.  (7)  for  Gaussian  autocorrelation  [Eq.  (2)]  is* 

<  pp*  >  = 


where  the  constant  0.008  is  unitless  and  the  other  two  constants 
can^'  the  unit  of  pm. 

These  two  empincal  relations  will  be  used  for  relating  plastic 
shear  strain  with  the  scattered  field  in  the  following  discussion. 

3.  PLASTIC  STRAIN  CAUSED  SCATTERING 
3.1.  Scalar  scattering  theory 

Beckmann*  discussed  extensively  the  scattering  of  elecuomag- 
netic  waves  from  rough  surfaces  based  on  the  Kirchhoff  solution 
of  the  Helmholtz  integral.  In  order  to  simplify  the  denvation. 
the  following  assumptions  are  made;* 

1 .  The  surface  is  perfectly  conducting. 

2.  The  surface  height  variation  iix.v)  is  a  stationary  random 
process. 


cxp(-g) 


p; 


8 


A  m-i  m!m 


exp(  -v:^r“'4m) 


III) 


where  Po  is  proportional  to  the  intensity  of  the  diffracted  field 
of  the  illuminated  area  A.  For  example,  it  is  the  Airy  pattern  for 
a  circular  area  A.  The  scaled  roughness  g  is  defined  as* 

Vg  =  kcr(cosBi  +  COS02)  .  il2) 


It  should  be  noted  that  there  is  no  restnction  on  the  value  of 
(7  in  Eq.  (1 1)  even  though  the  senes  will  converge  too  slowly 
to  be  of  much  practical  use  when  a  and.  hence,  g  become  large 
For  strong  scatterers  (g  >>  1)  with  Gaussian  autocorrelation, 
an  alternative  close  form  expression  can  be  obtained*  by  a  direct 
saddle-point  integration  of  Eq.  (7) 


Table  1.  Plastic  suain  and  surtaca  roughness  (aluminum  alloy  2024-T3). 
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Fig.  3.  Ught'tcattaring  gaomttry.  (/is  tht  plant  of  ineidtnct  and  S 
tha  scattafing  plana.) 


<  pp  >  =  “"n  «xp(  “7^ 

/ly:CT  V  4u:a 


(8  »  1)  • 


The  saddle-point  integration  of  Eq  (7)  for  exponential  au¬ 


tocorrelation  (Eq.  (3)]  yields 


<  PP*  >  = 


Av:0^(l  +  uivi 


(8  »  1) 


For  the  present  study,  the  incident  light  is  normal  to  the 
specimen  surface  making  9i  ®  0.  f  =  1 ,  =  it  sin02,  and 

V,  «  it(l  -t-  cosSj).  We  notice  that  83  disappears  in  the  above 
equations,  indicating  that  the  scattered  held  is  circularly  symmetric. 


3.2.  Plastic  strain  and  scattering 

According  to  the  dehnitions'’'^  the  rms  roughness  is  equivalent 
to  the  standard  deviation.  Therefore  they  arc  all  denoted  as  a 
in  this  discussion.  Substituting  Eqs.  (S)  and  (6)  into  Eqs.  (11). 
(13),  and  (14),  we  can  express  the  scattered  held  in  terms  of 
shear  strain.  With  the  normal  incidence  condition  applied,  and 
the  constants  in  Eqs.  (5)  and  (6)  replaced  by  u.bx.d.p.q.  Eq. 
(1 1),  the  summation  form  for  Gaussian  autocorrelation,  may  be 
rewntten  as 


<  pp*  >  =  cxp(-g)  {p^  + - - - 2 

\  A 

X  — — •  exp{  -  sin^eala/iy  ■^b)  +  c)^/4m} ) 
m'.m  /  (15) 

where  Vg  =  kifn  +  ^)(1  +  cosO:). 

Similarly,  Eq.  (13).  the  close  form  for  Gaussian  autocorre¬ 
lation,  may  be  rewntten  as 

•rr|a/(y  b)  +  cj" 

<  pp«  >  =  - 1 - , - i - , 

Ak’{\  1-  cos02)'(p'y  ->■  q}‘ 


X  expl  - 


sin‘02(a/(*y  b)  cl* 
4(1  -t-  cos6;)Tpy  -r  q)^ 


Equation  (14),  the  close  form  forexponentu! 
may  be  rewntten  as 

<  pp*  >  = 

2Tr[a/(y-i-^)-Ac)'/[Mi:'(l  -*-cos9:)~(py^(/)~l 
(1  -t-sin‘0:[a/(y  +  b)  +  cl"'[(l  -t-cos0;)"( py~qr])’  ‘ 

Three  new  expressions  have  been  obtained,  each  oe'-vrihc' 
the  scattered  held  in  terms  of  shear  plastic  strain  y  The  i.hoic^ 
on  the  use  of  each  individual  expression  depends  on  the  nueB 
nitude  of  strain  and  the  form  of  autocorrelation  function  ot  tiil 
surface  under  investigation.  In  this  study,  however,  all  three 
expressions  will  be  applied  in  parallel.  Given  a  plastic  ^traia 
value  and  the  fomi  of  autocorrelation  function,  then  the  >,cjttere* 
held  may  be  evaluated  by  the  above  expressions.  .A  Kenc 
these  distributions  at  different  plastic  shear  strain  levels  are  plot¬ 
ted  in  Fig.  4.  As  shown,  the  maximum  intensit;  decreases  and 
the  spread  of  the  scattered  held  increases  as  the  plastic  strain  'I 
increases. 


3.3.  Applicability  I 

A  few  points  should  be  discussed  before  the  above  expressionP 
can  be  applied  to  plastic  strain  assessment,  hrst  the  applitabilitv 
of  these  three  equations  and  then  the  convergence  of  Eq  1 1 5  ifl 
The  conditions  (Sec.  3.1)  under  which  Eqs.  (15)  through  (171 
are  derived  should  be  satished.  These  requirements  are  in  cenerar 
met  for  application  to  plastic  strain  assessment  of  metallic  ma¬ 
terials  with  a  He-Ne  laser  (X  =  0.6328  p,m).  GencralK  spealvincl 
metals  are  conducting  (condition  1);  plasticallv  roughened  %url 
face  may  be  considered  as  a  stationary  random  process  1  condition 
2);  laser  beam  is  plane  and  polanzed  wave  (condition  thc^ 
point  of  observation  is  sufhc'ently  far  from  the  specimen  >urrai.i:l 
or  a  lens  is  being  used  such  that  it  is  in  the  Fraunhoter  zone  oP 
’diffraction  (condition  4):  and  the  prohle  wavelength  o  mui.h 


larger  than  the  incident  light  wavelength  (conditions  5.  61  i 
The  validity  of  Eqs,  (15)  through  (17)  can  be  investigated  b\j 
comparing  the  scattered  field  computed  by  these  expresslon^  and 


Scattered  Angle  {6) 

Fig.  4.  Sc*ttar»d  fielda  It  diffaront  itrain  levels  (based  on  Eq  iiSI] 
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that  by  measurements.  Because  the  solutions  from  the  scattering 
theory  are  based  on  the  ensemble  average  on  macroscopically 
similar  but  microscopically  different  surfaces,  the  average  over 
many  scattered  fields  is  needed  in  order  to  make  the  comparison. 
One  hundred  scattered  fields  from  a  uniformly  deformed  spec¬ 
imen  were  taken  by  a  system  schematically  shown  in  Fig.  5. 
Figure  6  shows  a  comparison  between  the  two  scattered  fields 
where  Fig.  6(a)  is  the  computed  one  by  Eq.  (15)  while  Fig.  6(b) 
IS  the  measured  result.  The  degree  of  similarity  between  these 
two  distrimi'nris.  a:,  evaluated  by  the  cross  correlation  factor 
(Eq.  (20)]  IS  more  than  99%.  Figure  6(c)  shows  the  relation 
between  the  number  of  averaged  scattered  fields  and  the  cross 
correlation  of  the  averaged  with  the  computed  results. 

For  the  plastic  strain  range  studied  (y  «  10%),  cr  ranges  from 
0.05  urn  to  0.75  |i.m.  For  a  He-Ne  laser  with  a  wavelength  of 
K  =  0.6328  ixm.  g  varies  from  0.986  to  193.23.  This  means 
that  the  close-form  solutions  Eqs.  (16)  and  (17)  cannot  be  used 
tor  the  whole  plastic  strain  range  mentioned  earlier  because  g 
IS  not  sufficiently  large  for  small  strains.  Therefore,  Eq.  (15) 
has  to  be  used.  Because  it  is  in  a  series  form,  it  is  necessary 
that  Its  convergence  be  studied. 

By  applying  D’Alambert  principle,  we  can  show  that  Eq.  (15) 
IS  convergent  for  any  values  of  strain  y.  However,  as  y  gets 
larger,  convergence  will  be  slow.  A  numencal  analysis  was  made 
to  study  the  convergence  of  Eq.  (15).  The  computation  result  is 
shown  in  Fig.  7  where  the  horizontal  axis  is  the  number  of  terms 
added,  and  the  vertical  axis  is  the  unified  summation  over  N 
terms  It  is  seen  that  more  than  200  terms  are  needed  for  Eq. 

( 15)  to  converge  when  y  =  10%. 

4.  A.NALYSIS  OF  STRAIN-MEASURING  METHODS 

Almost  all  the  methods  used  so  far  by  various  investigators  for 
relating  scattered  field  to  plastic  strain  are  based  on  the  obser¬ 
vations  similar  to  those  shov  '  in  Fig,  4.  Namely,  the  intensity 
at  the  specular  direction  decreases  and  the  spread  of  scattered 
field  increases  as  the  plastic  strain  increases.  Several  methods, 
such  as  the  maximum  intensity,  half  width,  intensity  at  a  cenain 
distance  from  the  specular  reflection  point,  and  correlation  coef¬ 
ficients.  have  been  introduced.  Figure  8  gives  the  definition  of 
the  parameters  used  in  some  of  the  methods.  This  section  will 
be  devoted  to  providing  a  theoretical-numerical  analysis  to  the 
relation  between  these  parameters  and  plastic  strain  followed  by 
an  expenmental  verification  for  the  half  width  method. 


Fig  5  A  tenematie  plot  of  sxparimental  satup  for  teatttr«d-fitld 
recording  and  processing. 
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Fig.  6.  Vwfflcation  of  tha  scalar  acattarlng  thaory  by  ansambla  av- 
araga  (o  «  O.M  pm,  T  »  3g.S0  pm),  (a)  Computad  scattarad  fiald 
(baaad  on  Eq.  (15));  (b)  Exporfmantal  acattarad  (laid  (avaraga  over 
100  maaauramanta);  and  (e)  Effact  of  tha  numbar  of  scattarad  fields 
averaged. 


4.1.  Intensity-related  methods 

The  maximum  intensity  implies  the  intensity  at  the  specular 
direcuon  along  which  02  =  0.v.,y  =  Oandv,  =  2k.  Substituting 
these  conditions  into  Eqs.  (15)  to  (17).  we  shall  get  expressions 
of  the  maximum  intensity  in  terms  of  strain  y  for  each  case 
correspondingly.  For  example,  the  maximum  intensity  for  Eq. 
(15)  is 


<  pp*  >0  =  exp(“g<,) 


\  A  m- 1  m.m/ 


(18) 


where 

=  2k{py  +  q)  .  (19) 

Figure  9  is  a  plot  of  the  normalized  maximum  intensity  versus 
plastic  strain  y  evaluated  by  both  the  summation  and  close  form 
expressions  for  Gaussian  autocorrelation  [Eqs.  (ISl-and  (16)]. 
The  maximum  intensity  for  exponential  autocotrelauon  [Eq  ( 17)) 
is  not  plotted  because  it  differs  from  that  of  Eq.  (16)  only  by  a 
constant  factor  of  two.  The  trend  predicted  by  the  approach  is 
similar  to  the  expenmental  result.®  (An  exact  companson  is  not 
made  because  of  the  insufficiency  of  information  provided  in 
the  work  cited.)  It  can  be  seen  that  the  maximum  intensity  is 
very  sensitive  to  the  change  in  plastic  strain  in  the  early  stages 
of  plastic  deformation  and  becomes  saturated  after  strain  be¬ 
comes  larger  than  2%. 
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Fig.  7.  Convtrgtnca  of  tho  summation  form  for  Gaussian  autocor* 
rotation  (Eq,  (IS)],  y  »  2.0%  :  a  *  0.31  tim,  T  *  34.2  ^m:  y  «  4.0%: 
a  «  0.45  |im,  T  «  30.1  (im;  y  ■  6.0%  ;  <r  «  0.60  ^m,  f  «  27.9  |xm; 
y  «  1.0%  ;  a  «  0.74  |im,  7  >  26.5  (im. 


Scattering  Angle  d 

Rg.  6.  Daflnttions  of  soma  strain  maasuring  paramatars.  Imn'-  tha 
maximum  intansity:  !*'•  intansHy  along  angla  6;  0*:  hatf  wktth. 


The  second  intensity-related  parameter  was  originally  defined 
as  the  intensity  at  a  certain  distance  from  the  specular  point  on 
the  observation  plane.*  For  generality,  intensity  at  a  certain  angle 
02  denoted  as  l»  is  used  (Fig.  8).  Let  6  be  a  certain  angle  along 
which  a  sensor  is  placed  for  measuring  intensity,  /e  can  then  be 
evaluated  by  Eqs.  (15)  to  (17).  Figure  10  plots  /e  versus  strain 
at  four  different  angles  based  on  Eq.  (15).  It  can  be  seen  that 
the  threshold  of  this  method  depends  on  the  angle  6.  For  0  = 
0.6  deg.  the  value  of  this  threshold  is  about  0.5%,  while  for  0 
=  1  deg,  It  is  1%.  In  other  words,  putting  the  sensor  at  different 
spots,  one  will  get  different /g,  y  relation.  Another  disadvantage 
of  this  parameter  is  that  the  measurable  range  of  strain  is  .ery 
much  limited  (about  1%).  Besides,  the  relation  between  this 


Shear  Strain  y  (%) 

Rg.  9.  Maximum  intanifty  varaus  strain. 


parameter  and  plastic  strain  is  nonmonotonic  when  strain 
comes  larger  than  a  certain  value  (about  1 .5%  for  0.=  0.6  de 


1 


Similar  results  were  reported  for  the  contrast  parameter.  Th 


J 


nonmonotonic  behavior  makes  the  determination  of  strain 
practical  for  situations  when  the  range  of  strain  is  unkno 
However,  because  of  the  high  sensitivity  of  the  intensity-relai 
parameters  to  early  stage  plastic  deformation,  they  mav  be  a; 
plied  to  detect  the  onset  of  plastic  deformation.  Such  appiicatiCM 
may  include  the  elasto-plastic  boundary  determination  and  I 


tigue  detection. 


4.2.  CorreUtioD  coefficients 


Unlike  the  conventional  correlation  analysis  used  in  statistiJ 
the  term  correlation  contents  used  in  th^  discussion  is  adoptc 
fiom  pattern  recognition  technique.  Two  kinds  of  correlatid 
coefficients  were  performed:  cross  correlation  and  autocorrej 
tion.  Cross  correlation  coefficient  is  a  measure  of  the  degree* 
similarity  between  two  different  objects.  .Autocorrelation  is 
measure  of  the  spread  of  an  object.  Correlation  analysis  can  I 
performed  on  both  2-D  images  and  l-D  curves.  Because  of  ■ 
circular  symmetry  of  Eqs.  (15)  to  (17),  only  l-D  correlatic 
analysis  was  made  in  the  present  study,  while  an  extension 
2-D  problems  is  straightforward.  | 

A  l-D  zero-shift,  cross-correlation  coefficient  Cc  is  defiii 
as; 


Cc  = 


£ 


f{x)g{x)  ix 


(2 


g  (j;)  dx 


where  f(x),  g(x)  are  functions  of  vanable  x  One  of  them.  1 
example,  /'x),  is  the  scattered  field  <  pp*  >  at  zero  sirJ 
while  g(x)  IS  the  one  at  any  other  strain  level  As  the  str! 
increases,  the  cotresponduig  scanered  field  will  tA.*  less  and  k 
correlated  with  Uiat  at  the  zero  strain,  causing  the  .uii 
lation  level  to  drop.  | 
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Shear  Strain  y  (%) 

Fig.  10.  Intantity  along  angla  6  vartut  ttrain. 


One-dimensional  autocorrelation  coefficient  Ca  is  defined  as 
I  /(x}f(.x  -  T)  dj: 

Ca(T)  =  .X  .  (21) 

J  J'(.x)dx 

where  t  is  the  lag  length  shifted  between  two  copies  of  function 
fix).  This  definition  is  similar  to  that  discussed  in  Eq.  (1)  except 
that  It  IS  performed  on  the  scattered  field  rather  Uian  on  the  rough 
surface  height  variation. 

Correlation  coefficients  were  evaluated  by  using  Eqs.  (20) 
and  (21)  on  the  intensity  distribution  curves  computed  by  Eqs. 
( IS)  to  (17).  Figure  1 1  is  a  plot  of  cross  correlation  coefficient 
versus  strain.  Figure  1 2  shows  the  autocorrelation  analysis  result 
where  the  vertical  axis  is  the  lag  length  at  75%  correlation  level. 
The  relation  between  lag  length  r  and  strain  is  linear  for  -y  < 
6%  These  relations  support  the  experimental  results. 

4.3.  Half'Width  method  and  its  verification 

Half  width  was  originally  defined  as  the  spreading  distance  uh 
on  the  observation  plane  of  the  scattered  field  when  its  value  is 
one  half  of  its  maximum.  For  generality,  we  use  the  spread  angle 
0A  instead.  These  two  parameters  are  related  by  m*  =  i  x  tan 
0/,  For  small  scattenng  angles,  which  are  a  few  degrees  for  the 
current  application.  0/,  is  approximately  proponional  to  u/,  The 
expression  for.  for  example,  Eq  (16)  is 

<  pp*  >  0;  =  6<,  _  1 _ 4 

<  PP*  >  0;  =  0  2  (1  +  COS0a)‘ 

/  sin^0/i[a/(7  +  6)  +  c)^  \ 

^  4(1  +  cosQh)\pi  +  q)7 

(22) 


Shear  Strain  y  {%) 

Rg.  11.  CroM>corr«l>tion  eoafficiant  vtrtut  ttrain. 


Shear  Strain  y  (%) 

Rg.  12.  Autocorralation  analyiit;  lag  langth  vartut  ttrain  for 
C,  •  75%. 

Figure  13  is  a  plot  of  9/,  versus  plastic  strain  y  evaluated  b\ 
expressions  corresponding  to  different  cases  The  measured 
roughness  values  T  and  a  were  used.  Expenm  itallv  measured 
half  widths  are  also  included  for  comparison.  Apparenilv.  the 
expenmental  results  agree  well  with  that  predicted  b>  both  the 
summation  and  close-form  expressions  corresponding  to  Gdu>- 
sian  autocorrelation.  This  result  confirms  the  conclusion  made 
earlier  (Sec.  2.1)  that  Gaussian  function  approximates  autocor¬ 
relation  of  plastically  roughened  surface  better 

5.  CONCLUSION 

Based  on  the  earlier  discussions,  we  may  conclude  that  the  height 
distnbution  of  the  plastically  roughened  metallic  surface  is  Gaus- 
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Shear  Strain  y  (%) 

Fig.  13.  Half  width  versus  strain  wKh  sxperimantal  verification. 


isian  and  ihe  aucocorreiation  is  neither  Gaussian  nor  exponential. 
However.  Gaussian  function  in  general  fits  the  expenmental  data 
better.  Tie  experimentally  obtained  autoconelation  becomes  closer 
to  exponential  distribution  as  the  strain  gets  larger. 

The  combination  of  plastic  deformation  induced  roughening 
models  with  scalar  scattering  theory  has  provided  expressions 
that  relate  the  scattered  field  to  plastic  strain  directly.  For  the 
strain  range  studied,  these  new  expressions  have  been  shown  to 
be  valid  by  an  ensemble  average  study  and  some  numerical 
analysis. 

ITie  analysis  shows  that  the  intensity-related  strain-measuring 
methods,  such  as  the  maximum  intensity  and  the  intensity  at  a 
certain  scattenng  angle,  are  not  as  suitable  as  distribution  related 
ones  such  as  the  half-width  and  correlation  coefficients.  Com¬ 
paring  the  theoretical-numerical  predictions  with  the  experi- 
mental  data,  we  find  a  good  agreement  for  all  the  parameters. 
However,  considenng  the  factors  such  as  the  simplicity  of  the 
relation,  the  measurable  range  of  plastic  strain,  we  recommend 
autocorrelation  ar.d  half-width  methods  rather  than  the  others. 
The  current  approach  also  shows  that  the  range  of  plastic  shear 
strain  measurable  by  using  the  scattered  field  via  the  earlier 
described  methods  is  about  10%. 
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Assessment  o!  Flow  Stress  and  Plastic  Strain 
by  Spectrum  Analysis 

by  Y.Z.  Dai  and  F.P.  Chiang 


ABSTRACT-"The  fp'ation  between  the  anijulac  distribution  o( 
the  rellected-plus-scattered  light  intensity  (scstiered  field)  from 
a  metallic  yv.rfsce  artd  the  flow  stress,  clastic  strain  the 
maten&l  has  <.'Kpermnced  Is  experimentally  and  ti  wretically 
investigated.  A  scattered  field,  which  is  obtained  oy  uium- 
mating  a  specimen  surface  using  a  laser  beam,  c-irnes  sur- 
face^eature^tiiated  Information.  Ex^nmental  evidence  Siiggests 
that  surface  correlation  length  of  a  material  decreases  in 
proportion  to  the  flow  stress  and  plastic  strain  that  the  mate.iai 
experiences.  A  theoretical  derivation  based  on  i-;uygens> 
Fresnel  principle.  Fraunhofer  approximation,  and  Wiener* 
Khintchino  thecrer  shows  that  the  correlation  length  may  be 
obtained  by  performing  a  Fourier  transform  to  the  scattered 
field  from  the  su'face  This  leads  to  the  development  of  a 
noncontact,  nondestructive,  and  remote  technique  for 
measuring  flow  stress  and  plastic  strain. 

Introduction 

Loading  metallic  materials  beyond  the  yield  strength 
wiU  change  their  tnicrostnictur^  features  due  to  the 
movement  of  dislocations.  This  change  will  be  reflected 
by  surface>roughness  parameters  such  as  root>mean> 
square  irms)  roughness  and  correlation  length.  The 
surface -toughness  variation  in  turn  will  affea  the  angular 
distribution  of  the  reflected-plus-scattered  intensity,  which 
shall  be  called  scattered  field  in  the  following  discussion, 
from  the  surface.  This  phenomenon  has  been  investigated 
experimentally  in  an  effort  to  develop  a  technique  for 
plastic-strain  measurement. Methods  such  as  the 
maximum  intensity.'  specmun  width,'  intensity  at  a  certain 
scattering  angle,’  contrast,'  moment,'  and  correlaucn 
coefficient*  have  been  introduced.  These  methods  are 
empirical  in  nature  and  the  in'riusic  relation  between  a 
scattered  field  and  plastic  deformation  yet  to  be  revealed. 
Tht  rrvealing  of  such  a  relation  lies  on  the  understand’mg 
of:  (1)  the  plasticKiefonaation.induced  surface  roughness 
and  (2)  the  retrieval  of  surface-roughuess  parameten  from 
a  scatteted  field. 

Experimental  observations  show  that  the  surface  cor¬ 
relation  length  decreases  in  proportion  to  plastic  strain 
and  flow  stress.  The  implication  is  that  surface  correlation 
length,  once  measured,  may  be  used  as  a  measure  of  flow 
stress  and  plastic  strain.  Correlation  length  represents  the 
hoi'izontal  propmy  of  a  surface  profile  which  may  be 
obtained  by  usinj  instruments  sUch  as  a  mechanical 
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profilometer.  The  light  scattering  method  shall  be  used  in 
this  study  because  of  its  merits  of  being  noncontact,  non* 
destructi‘’e,  and  two  dimensional.  A  theoretical  derivation 
based  on  the  Huygens-Fresnel  principle,  Fraunhofer 
approximation,  and  Wiener-Khintchine  theorem  shows 
that  the  Fourier  transform  of  a  scattered  field  is  approxi¬ 
mately  proporr'onal  to  the  autocorrelation  function  of  the 
surface  profile  for  optically  onooth  surfaces.  This  means 
that  surface  correlation  length  and  hence  flow  stress  and 
pltstic  strain  may  be  evaluated  from  the  scattered  field. 

The  purpose  of  the  present  work  is  therefore:  (1)  to 
give  a  rigorous  mathematical  derivation  on  the  relation 
between  a  scattered  field  and  surface  correlation  .length 
and  (2)  to  use  the  scattered  field  for  flow  stress  and 
plastic  strain  measurement.  Furthermore,  the  relation 
between  plastic-defonuation-induced  surface  macroscopic 
and  microscopic  features  is  discussed. 


Strttt,  Strain  and  Corrtlation  LtnQth 

Figure  i  is  a  microscopic  photo  of  a  plastically  deformed 
surface.  A  surface  profile  is  shown  in  Fig.  2.  The  hori¬ 
zontal  property  of  a  one-dimensional  surface  profile  may 
be  characterized  by  surface  correlation  length  which  is 
deflned  as’  ^ 

X  h(x- T)dx  1 

-U. - T - -  a  _  (1) 

* 

where  h(x)  is  the  surface  profile;  /  the  sampling  length; 
and  T  the  correlation  length  as  shown  in  Fig.  2;  1/e  is 
equal  to  0.j!67g. 

Experimental  observations  conducted  on  copper  alloy 
(C26800-H01,  yield  strength:  205  MPa,  Poisson’s  ratio: 
0.33)  show  that  correlation  length  T  decreases  in  propor¬ 
tion  to  flow  stress  r  and  plastic  strain  >  as  shown  in 
Fig.  3.  These  relations  may  be  approximately  expressed  as 


T 


r-t-c. 


■F  a. 


and 


7  = 


7-  +  C, 


+  Ot 


(2) 


(3) 


where  S„  c„  o„  g„  c„  o,  are  constanu.  The  validity  of 
both  eq  (2)  and  eq  (3)  requires  that  the  matenals  be 
linear  hardening.  Otherwise,  different  forms  of  expres¬ 
sions  may  be  needed. 

Interestingly  enough,  these  relations  are  analogous  to 
those  relating  flow  stress  and  plastic  strain  to  cell  size  in  a 
much  smaller  scale.  Plastic  deformation  m  metals  produces 
dislocations  and  dislocation  bands  which  cluster  into  dis- 
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location  cell  walls.  The  applied  stress  is  the  drivinf  force 
in  creating  dislocation  and  cell  structures.  Once  a  micro- 
structure  IS  stabilized,  a  higher  stress  is  generally  required 
for  activating  new  slip  lines  and  producing  more  cells.  The 
dislocation  cell  size  d  may  be  calculated  by* 


where  A  is  the  area  in  which  the  cell  size  is  to  be 
determined  and  N  i.(  the  number  of  ceils  in  the  area. 


Ua  UofUi 

Flo.  2— A  surfac*  profile  and  Its 
aufocorrslatlon  function 


The  ct’J  size  tf  has  been  shown  to  be  related  to  flow 
stress  T  by* 


d  •  oA, 


(5) 


where  a,  K,  ut  constants;  b  the  Burgers  veaor;  G  the 
shear  modulus  and  t,  the  friction  stress.  Equation  15)  may 
be  written  in  a  .more  general  form  as 


The  dislocation  cell  size  d  is  related  to  dislocation  density 
cby’ 


dmK./^  (7) 


Relations  expressed  in  eqs  (3)  and  (7)  have  been  shown 
to  be  valid  for  aluminum,  copper  and  iron.  For  mech- 
anical-engineeting  applications,  plastic  strain  is  a  much 
more  popular  quantity  than  dislocation  density  and  hence 
there  is  a  need  to  find  the  relation  between  plastic  strain 
and  dislocation  density.  Some  observations  were  made  on 
the  relation  between  shear  strain  y  and  dislocation  density 
e  of  an  aluminum  single  crystal."  The  resulu  are  as 
shown  in  Fig.  4.  (It  was  plotted  versus  the  dislocation 
density  originaliy,)  Linear  function  appears  to  be  a  good 
approximation  to  the  experimental  dau. 


y  «  ot^/8  +  d 


(8) 


where  a ,  d  are  conttanu. 

Substituting  eq  (7)  into  eq  (8),  we  can  write  the  result¬ 
ing  equation  in  a  more  general  fqrm: 


(9) 


where  c„’,  a,'  are  constants.  Equations  (6)  and  (9) 
indicate  that  both  flow  stress  r  and  shear  strain  y  decrease 
in  proportion  to  cell  size  d.  This  is  analofotts  !0  the 
reiatioa  between  (low  stress/plastic  suain  and  svirface 
cotreiaiion  length,  although  the  magnitude  of  surface 
correlation  length  is  abt^ui  one  order  higher  than  that  of 
the  cell  size. 


Scatt»r«d  Fitid  «nd  Corrtlallon  Langth 

The  scattered  field  from  a  rough  surface  can  be  ob- 
tainni  using  a  configuration  u  schenutiicaily  shown  in 


Plutie  Slram  y  (X) 


Fig.  3— Relation  between  flow 
streae,  plastic  atrain  and 
correlation  length,  (a)  flow  atrees 
and  contlatlon  length,  (b)  plastic 
strain  snd  corralattcn  langth 


noir  Stress  r  (UPe) 


Fig.  5.  The  plane  immediately  in  front  of  the  rough  sur¬ 
face  is  denoted  as  ;if-  T  and  the  observation  plane  U-  V. 
The  phase  variation  \l/(x,y)  on  the  X-Y  plane  caused  by 
the  surface  height  variation  h(x,y)  is“ 

Hx,y)  =  2t(1+cos  ^)_f,{x,y)  (10) 

where  X  is  the  wavelength  of  the  incident  light;  d  is  the 
angle  between  the  incident  light  and  surface  normal. 

The  standard  deviation  of  the  phase  variation  ^{x,y) 
and  the  surface  height  variation  h{x,y)  are  related  by 


0* 


2t(1  -f  cos  d) 
X 


(11) 


where  o*.  a  are  the  standard  deviations  of  \li(x,y)  and 
h(x,y),  respectively. 

If  surface  slopes  are  small  and  depolarization,  multiple 
scattering,  and  shadowing  are  negligible,  the  electro¬ 
magnetic  field  Ax,y)  in  the  X-  Y  plane  is  related  to  the 
surface  height  variation  h(x,y)  by" 


/{x,y) 


RP{x,y)  exp  [/  -^(l  +cos  d)A(x,y)) 


(12) 


where  are  spatial  frequencies  which  are  related  to  the 
coordinates  u ,  v  in  the  £/- 1^  plane  by 


Z.X 


(15) 


where  L  is  the  distance  between  the  rough  surface  and  the 
U-y  plane.  Aside  from  the  multiplicative  factor  C 
preceding  the  integral,  eq  (14)  is  sunply  the  Fourier  trans¬ 
form  F({,ij)  of /(x,;-). 

(16) 

The  light  intensity  on  the  observation  plane  recorded 
either  on  a  piece  of  film  or  a  CCD  sensor  is 

p(f.n)P*({.n) - 

iC)**  j"  /(x,>')e-*’*”*"'dxdyl'  (17) 

where  p*({,n) «  the  complex  conjupte  of  p({.ii).  Using 
eq  (16),  we  can  rewrite  eq  (17)  as 


P(f.n)  P*({.n)  -  CMF((,,)|> 


(18) 


where  R  is  the  average  reflectivity;  P{x,y)  is  the  complex 
field  incident  on  the  surface,  lliis  equation  can  be  further 
simplified  if  the  specimen  surface  is  perfectly  reflecting 
{R  m  1),  the  incident  light  is  normal  to  the  surface  (d  « 
0),  and  the  light  is  uniform  and  polarized  t/*(x,>')  »  1). 
Then  eq  (12)  can  be  written  as 

f(x,y)  »  exp  (•^A(x,>’)]  «  exp  ((iKx,;-)! 

(13) 

If  the  observation  plane  is  far  enough  from  the  speci¬ 
men  surface  so  that  the  Fraunhofer  approximation  can 
be  applied,  the  electromagnetic  field  p((,ij)  in  the  U-V 
plane  is" 


(14) 


The  term  |F({,n)l*  Is  the  power-specual-density  func¬ 
tion  of  /(x,y).  Equation  (18)  indicates  that  a  scattered 
field  is  proportional  to  the  power-spectral-density  function 
of  the  elecuomagnetic  field  immediately  In  front*  of  the 
surface.  According  to  the  Wiener-Khintchine  theorem," 
the  autocorrelation  function  C,(p,q)  of  the  electro¬ 
magnetic  field /(x,>)  is  the  inverse  Fourier  transform  of 
the  power-specual-density  function  of/{x,y),  i.e., 

C,(p.fl)  -  l",  \\  |F(f.e)l'e'‘»'‘»*’*'d{de 

(19) 

where  p>q  are  the  lag  lengths  of  the  autocorrelation 
function  along  •‘•-e  x.y  directions,  respectively. 

Using  eq  (18r,  we  may  express  the  autocorrelation  func¬ 
tion  C^p,q)as 

C,(p,q)  »  j",p({,,)p*{f.n)e'‘'""'‘*'d{dn 

(20) 


Fig  a-Relation  between  plastic  Fig-  5-A  schematic  setup  lor  scattered  Held 

strain  and  dislocation  density  processing 


The  implicttion  of  e<i  (20)  is  that  the  Fourier  transforsn  of 
a  scattered  field  maps  the  autocorrelation  function  of  the 
electromagnetic  field  immediately  in  front  of  a  surface. 
By  definition  the  autocorrelation  function  C/(p,9)  of 
/(x.>-)is“ 


C,(p,q)  ^  <f(x,y)f{x-p,y-Q)>  (21) 

Substituting  eq  (13)  into  the  right*hand-$ide  term  of 
eq  (21),  we  get 

C,(p,q)  «  <exp  (/(^(x,>')  +  ^(x-p,y-q)))> 

(22) 

If  a  surface  is  optically  smooth,  i.e.,  the  surface  height 
variation  caused  phase  variation  in  near  field  is  less  than 
2e,  the  condition  <i^(x,y)>  «(rj4l  is  satisfied. 
Then  the  above  equation  can  be  simplified  by  taking  only 
the  first  three  terms  in  a  polynomial  expansion  of  the 
ri^t-hand'Side  term: 

C,(p,q)  -  1  -  dj-  <Hx,y)^{x-p,y^q)> 

(23) 

where  the  zero  mean  condition  <\Hx,y)>  *0  has 
been  applied.  The  last  term  <yHx,y)>lt(x  -  p,y  -  q)> 
in  eq  (23)  is  the  autocorrelation  function  C«(p,q)  of  the 
phase  variation  <li(x,y).  Therefore  eq  (23)  may  be  re< 


Fig.  Q— OneKlImansional  diatributlona  of 
scattered  fields 


lag  Lens'..*!  iMml 

Fig.  7— Normalized  i.i>tocorrelation- 
function  distriOuHons 


written  as 


C,(p,q)  •  l-(j*-Ct(p,q)  (24) 

On  the  other  hand,  the  autocorrelation  function  C»(p.g) 
of  the  phase  variation  Hx.y)  is  proportional  to  that  of 
the  surface  height  variation  h(x,y)  according  to  eq  (10): 


C,(p.q>  *  (-^)'C.(p,d)  (2S) 

Hence,  the  autocorrelation  function  C»(p,g)  of  h(x,y) 
is  related  lo  C,{p,q)  by 

C.(p,q)  - -^^(l-<»i-C,(p.q)l  (26) 

For  a  given  rough  surface  illuminated  by  a  certain 
coherent  light  beam,  the  term  I  -  0^  and  the  multiplicative 
factor  preceding  it  are  constants.  Therefore,  cq  (26) 
indicates  that  the  autocorrelation  function  C^lp.q)  of 
surface  height  variation  Ji(x,y)  is  proportional  to  that  of 
the  electromagnetic  field /(x,y)  immediately  in  front  of 
the  surface.  To  apply  eq  (20),  cq  (26)  may  be  rewritten  as 

C.(p,d)«  l*.p({,n)P*({.n)«'‘ . 

(27) 

The  invese  Fourier  transform  of  a  scattered  field  has 
been  shown  to  be  approximately  proportional  to  the 
autocorrelation  function  of  the  surface  height  variation. 
The  surface  correlation  length  can  therefore  be  evaluated. 


Spectrum  Width  and  SIrtsa,  Strain 

As  a  first  approxiiattion,  a  scattered  field  is  issumi^ 
to  be  normally  distributed.'*  For  a  normal  function,  its 
autocorreladon  function  is  also  a  normt'  function.  For 
example,  if  the  one-dimeosionaJ  intensity  dismbution  of 
a  scatter^  field  takes  the  form 


p({)  P*({)  -  (2*) 


where  u,  is  the  speesrum  width  at  I /e  of  the  maximum 
spectrum  intensity  along  the  {  directions,  then  auto¬ 
correlation  function  is 


C.  « 


exp  (-p*uj,/4j 


(25) 


The  surface  correlation  length  T  is  then  related  to  u,  by 

7  a.  1.  (30) 

u. 


The  relation  between  spectrum  'width  u,  aii.d  flow  stress 
and  plastic  strain  can  be  obtained  by  sufest-.iuling  eq  (30) 
into  eqs  (2)  and  (3)  yielding 

r.a  ~  u,  +  a,  (31) 


l!  is  seen  that  both  How  stress  and  plastic  strain  a« 
proportional  to  spectrum  width  u,.  Once  u.  is  measured 
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Fig.  8— Relation  between  flow 
stress,  plastic  strain  and 
spectrum  width,  (a)  piastre 
strain  versus  spectrum  width, 
(b)  flow  stress  versus 
spectrum  width 


PluUe  Simla  7  (X)  new  Slr«u  r  (MPt) 


and  constants  o„  01,.  d,  are  obtained  by  calibration, 
the  flow  stress  and  plastic  strain  can  readily  be  evaluated. 

Exptrlmtntai  Varllleatlori 

The  vaiidity  of  eqs  (31)  and  (32)  was  experimentally 
verified  on  tensile  specimens  made  of  copper  alloy  cut 
from  stock  sheet  alons  the  rotlini  direction.  The  specimens 
were  polished  by  a  cloth  buffer  wheel  to  o  »  5.03  >tm. 
The  specimens  were  uniaxially  loaded  on  a  testing  machine 
to  plastic  deformation  and  then  unloaded  for  scattered 
field  recording.  Plastic  (residual)  strain  was  measured  by  a 
strain-gege  rosette  and  in-plane  moird  method  after 
unloading.  A  He-Ne  la.«er  with  a  wavelength  of  0.6328  ntn 
was  used  as  the  iliuminatini  light  source.  The  distance 
between  the  spicimen  surface  and  the  observation  plane  s 
610  mm.  In  order  to  reduce  computing  time  and  suppress 
speckle  noise,  one-dimensional  distribution'*  of  the 
scattered  field  is  used.  Figure  6  is  a  plot  of  the  .spatially 
averaged,  smoothed,  and  nonnaliied  one-dimensional 
distribution  of  scattered  fields  at  different  stram  levels. 
Figure  7  shows  the  Fourier  transform  of  some  of  the 
curves  in  Fig.  6. 

The  spectrum  width  u,  may  be  measured  using  the 
autocorrelation  functions  as  shown  in  Fig.  7.  Figure  8 
shows  the  experunentai  resulu  on  the  relations  between 
flew  stress,  plastic  strain  and  spectrum  width  in  terms  of 
spatial  frequency.  The  experimenta!  results  in  ^^enerai 
agree  well  with  the  theoretical  predictions  (eqs  (31)  and 
(32)1,  confirming  the  feasibility  of  the  proposed  method 
for  surface  cot  relation  length  and  plastic  strain/ flow 
stress  evaluation  for  metsUic  materials. 


Oiicusilon  and  Coneluafon 

For  the  materia!  and  plastic  defotmalion  range  nudied, 
experimental  evidence  suggests  that  surface  correlation 
length  decreases  Lo  proportion  to  flow  stress  and  plastic 
strain.  This  relation  is  found  to  be  analc^ous  to  that 
between  flow  suf^,  plastic  strain  and  microscopic  cell  size. 

The  theoretical  derivaiicc  rhows  that  the  Fourier  uans- 
form  of  the  scattered  field  is  proportional  to  the  auto¬ 
correlation  function  of  surface  height  vancticn  and 
hence  can  be  used  for  measuring  surface  conelation 
length,  flow  stress,  and  plastic  stram.  The  menu  of  this 
method  are  noncontact,  nondestructive,  and  remote. 
Experunentai  results  m  general  support  the  analytical 
prediction. 

It  seems  thai  the  experunentai  results  do  not  agree  well 
wun  the  theoreucal  prwljcuon  in  the  early  stages  of  plastic 


deformation  (><0.25  percent),  which  may  have  been 
caused  by  the  initial  surface  conditions  due  to  polishing. 
Because  a  calibration  process  is  needed,  the  imperfection 
in  initial  surface  conditions  may  influence  the  value  of  the 
constants  involved  making  this  technique  sensitive  to  the 
surface-preparation  process. 
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Strain  Path  and  Surface  Roughness 

/ 

Y.Z.  Dai*  F.P.  Chiangt 


August  10, 1991 


Introduction 

Different  aspects  of  the  roughening  of  free  surfaces  due  to  plastic  deforma¬ 
tion  have  been  reported.'”^  The  major  conclusion  is  that  the  free  surface 
roughening  is:  1.  dependent  of  equivalent  plastic  strain,  average  grain  size, 
temperature,  and;  2.  independent  of  hydraulic  pressure,  material  property 
and  stress  mode.  The  present  work  is  designed  to  experimentally  study  the 
influence  of  strain  path  on  the  roughening  of  free  surfaces. 

Two  kinds  of  specimens  made  of  copper  alloy  (C26800-H01,  yield  strength: 
264MPa»  clastic  modules:  llOGP*)  were  used.  One  was  b.Smm  thick  for  both 
tension  and  compression  loadings.  The  other  was  1.65mm  thick  for  producing 
different  strain  paths  through  uniaxial  tensile  load(Fig.l).  Prior  to  loading 
both  kinds  of  specimens  were  polished  to  a  final  surface  finish  of  0.03fim  in 
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terms  of  rnis  roughness.  Strain  gage  rosettes  were  used  to  monitor  surface 
strain  of  the  specimens.  The  specimens  were  loaded  at  an  average  strain  rate 
of  25fi£/3ec.  The  three  strain  components  e^sj^goifiss  were  measured  and 
used  in  calculating  the  principle  strain  ci,  £2  and  the  effective  strain  £*  at  any 
instant  during  loading. 

Surface  roughness  was  measured  by  means  of  a  stylus  type  mechanical 
profilometer  to  yield  the  surface  roughness  characteristics.  Surface  rough¬ 
nesses  of  different  specimens  plastically  deformed  to  an  effective  str^'n  of 
2.3%  were  compared.  Some  of  the  specimens  were  deformed  to  this  effective 
strain  value  by  a  single  loading  step,  while  others  were  first  deformed  1.5% 
first  and  then  to  the  final  effective  straiij,  value.  The  principal  strain  ratio 
was  fixed  for  the  former  case,  whereas  it  varied  for  the  latter. 

Results 

In  order  to  find  out  the  dependence  of  surface  roughness  on  strain  path,  a 
simple  tcnsion-compre.ssion  test  was  carried  out.  The  idea  is  to  compare 
the  surface  roughness  of  a  specimen  at  the  same  plastic  deformation  level 
reached  Via  two  strain  paths.  The  tension-compression  specimen  was  first 
loaded  by  tension  to  an  effective  plastic  strain  of  0.75%.  It  was  then  plasti¬ 
cally  deformed  by  tension  to  an  effective  plastic  strain  of  2.4%.  Finally,  the 
specimen  was  compressed  back  to  a  final  effective  strain  of  0.75%.  Surface 
roughness  was  measured  twelve  times  at  each  effective  strain  level.  The  av- 
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eraged  surface  rotighness  is  given  in  Table  1  where  the  symbol  a  represents 
the  standard  deviation  of  the  data.  It  is  seen  that  the  surface  rma  roughness 
are  quite  different.  The  surface  rma  roughness  at  0.75%  plastic  strain  level 
after  the  tension-compression  process  is  larger  than  that  obtained  directly  by 
tension.  It  is,  however,  smaller  than  that  at  2.4%  effective  plastic  strain. 

It  should  be  noted  that  a  reverse  yielding  occurred  during  the  tension- 
compression  process.  Most  of  the  disk  specimens  (Fig.l)  were  used  to  test 
the  surface  roughening  by  different  strain  path  without  reverse  yielding.  As 
the  loading  angle  a  changed,  which  was  achieved  by  loading  the  specimen 
through  different  pairs  of  holes  in  the  specimen  along  different  directions,  the 
increasing  rate  of  the  three  strain  components  varied.  Figure  2  shows  the  Cj 
versus  ej  corresponding  to  different  loading  ai.gles.  As  the  loading  angle  a 
changed  from  —15  to  115  degrees,  the  ratio  of  principal  strain  cj/c:  varied 
from  -0.922  to  0.233  according  to  experimental  observations.  Therefor*  dif¬ 
ferent  strain  paths  w’cre  achieved.  The  final  effective  strain  was  obtained  by 
either  a  one-step  loading  such  that  the  principal  strain  ratio  ei/(2  was  con¬ 
stant  or  a  two-step  loading  such  that  the  principal  strain  ratio  varied.  The 
final  effective  strain  was  set  at  2.3%  and  the  intermediate  effective  strain  was 
set  at  1.5%.  The  elastic  strain  component  was  found  to  be  less  than  5%  of 
the  total  strain  and  therefore  was  neglected. 

The  surface  rma  roughness  and  its  standard  deviation  are  shown  in  Table 


3 


2  for  specimens  plastically  deformed  via  different  strain  paths.  It  is  seen  that 
the  surface  rms  roughness  is  very  much  the  same  for  all  the  strain  paths 
except  the  one  via  the  loading  direction  115®  to  -15°.  The  reverse  yielding 
occurred  for  this  particular  strain  path  as  indicated  in  Fig. 2. 

Conclusion 

Through  the  experimental ^study  for  the  material  studied  under  the  experi¬ 
ment  conditions,  we  may  conclude  that  the  roughening  of  free  surfaces  sub¬ 
ject  to  plastic  deformation  is  dependent  of  strain  paths;  however,  that  the 
influence  of  strain  path  on  the  surface  roughness  is  not  obvious  if  no  reverse 
yielding  occurs. 
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Table  1.  Surface  Roughness  Comparison 
(the  tension-compression  specimen) 


fe  (%) 

0 

0.75 

2.4  , 

0.75 

rms  inm) 

0.03 

0.06 

0.18 

0.11 

s 

0.005 

0.015 

0.048 

0.031 

Table  2.  Surface  Roughness  Comparison 
(the  disk  specimens) 


a  (Degree) 

90,0 

0,90 

30,60 

40] 

0 

90 

75 

75,30 

-15,45 

115,-15 

rma  {^lm) 

.147 

.151 

.154 

.143 

.151 

.142 

.148 

.143 

.133 

.180 

3  {fim) 

.026 

.022 

.011 

.027 

.014 

.017 

.020 

.021 

.056 

.029 
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Figure  1  Schematic  configuration  for  strain  path  effect  study 
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Figure  2  Principai  strain  paths 


Contouring  by  Moire  Interferometry 


by  Y.Z.  Dai  and  F.P.  Chiang 


ABSTRACT— A  double-exposure  moir^-inlefferometry  tech¬ 
nique  for  topographic  contour  measurement  ol  an  arbitrarily 
curved  object  is  presented  A  curved  surface  coated  with  light- 
sensitive  material  is  exposed  twice  in  a  volume  of  virtual 
gratings  formed  by  the  interference  of  two  coherent  light 
beams  split  from  a  laser  An  adequate  rotation  ol  the  curved 
surface  relative  to  the  virtual  grating  between  the  two  exposures 
produces  moir^  fringes  which  reveal  topographic  contour,  or 
contour  under  some  conditions,  of  the  surface  The  advantage 
of  the  present  methoo  in  comparison  with  others  is  that  it 
offers  both  reasonably  good  fringe  quality  and  easily  adjustable 
high  sensitivity.  The  sensitivity  ol  the  technique  Is  shown  to 
be  from  the  order  of  micrometer  to  that  ol  millimeter  depend¬ 
ing  on  the  frequency  of  the  virtual  grating  and  the  amount  ol 
the  relative  rotation  This  technique  was  successfully  applied 
to  the  topographic  contour  measurement  ol  a  cylindrical  sheil 
with  and  without  a  diametrical  point  loading 

The  principle  of  this  paper  and  some  early  results  were 
presented  at  the  SPIE  conference  held  at  Dearborn,  Ml  on 
June  27-30, 1988  and  appeared  in  its  proceedings ' 

introduction 

Some  of  the  existing  methods  for  measuring  topographic 
contours  include  the  shadow  moire*  method,’  ■  ’  the  projec¬ 
tion  moirl  method,*  the  holographic  method’  and  the 
laser-speckle  method.*  The  main  disadvantage  of  shadow 
and  projection  moire'  methods  is  the  lack  of  sensitivity;  of 
the  holographic  method,  the  sophisticated  optical  anange- 
ment;  of  the  laser-speckle  method,  the  poor  fringe  quality. 
In  the  present  work,  a  double-exposure  moir^-interfero- 
metry  technique  is  described  for  topographic  contour 
measurement  which  offers  both  high  sensitivity  and  good 
fringe  quality. 

Moiri  interferometry'  as  a  highly  sensitive  displacement 
measuring  method  is  widely  used  in  experimental-mechanics 
research.  However,  it  has  been  limited  so  far  to  in-plane 
problems  except  when  it  is  combined  with  the  holographic 
method.'  *  The  disadvantage  of  such  a  combination  is 
twofold:  First,  it  makes  the  corresponding  optical  arrange¬ 
ment  very  sophisticated:  Secondly,  it  cannot  offer  good 
quality  fringes  compa.ed  with  those  by  classic  moire  or 
moiri  interferometry  methods  because  of  the  speckle 
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effect.  This  drawback  can  be  overcome  by  the  present 
technique  which  shall  be  called  'Double-exposure  Moir^ 
Interferometry’  in  the  following  discussion. 

Like  any  other  moird  method,  double-exposure  moire 
interferometry  also  needs  two  sets  of  gratings  to  form 
moiri  fringes.  These  two  sets  of  gratings  are  all  formed 
on  a  specimen  surface,  which  is  coated  with  a  light 
sensitive  medium,  by  exposing  the  specimen  to  a  volume 
of  virtual  gratings  formed  by  the  interference  5>etwecn 
two  intersecting  coherent  light  beams  split  from  a  laser. 
If  the  specimen  rotates  an  adequate  an^e  relative  to  the 
virtual  gating  between  the  two  exposures,  then  the  two 
srts  of  gratings  formed  on  the  specimen  surface  will 
interfere  to  form  moirtf  fringes  which  reveal  the  topo- 
graohic  contour  of  the  object.  Specimen  deformation 
between  the  exposures  will  produce  moirJ  fringes  too, 
making  the  deformation  also  measurable  by  this  technique. 

The  scope  of  this  paper  will  include  discussion  on  the 
fringe-forming  mechanism;  topography-evaluating  method; 
the  sensitivity  and  range  of  measurement;  the  condition 
under  which  this  method  provides  contour;  and  some 
experimental  demonstrations. 

Fringe-forming  Mechanism 

When  two  collimated  coherent  light  beams  split  from  a 
laser  meet  in  space  as  shown  in  Fig.  1,  they  interfere 
constructively  and  destructively  such  that  the  light- 
intensity  distribution  is  uniform  in  planes  with  surface 
normals  m  the  plane  formed  by  these  two  beams  and 
perpendicular  to  line  OC,  Therefore,  a  volume  of  dark 
and  light  sheets  in  the  common  space  of  those  two  beams 
is  formed  and  called  a  virtual  grating  which  will  cast 
i^aiings  on  any  objects  in  the  volume.  According  to  the 
geometry  shown,  the  pitch  p  of  such  a  grating  in  an 
arbitrary  plane  r  is 


y  —  — ;  ;  ;  — 

sm  »4  +  sm  Is 

,.4 

or 

n  —  k 

^  2  sin  a  cos  d 

where  p  is  the  grating  pitch  in  the  x  plane,  X  is  the  wave¬ 
length  of  the  illuminating  light  source;  a  it  naif  the 
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If  //» can  be  considerai  proportional  to  F*,  e.  ./  gives 
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G,f,„  +  G,t,  +  C3C,.,  =  6%  (5) 


where 
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Fig.  4— Cylinder  loaoed  by  radial  force  distributed 
along  a  circular  section 


Fig.  5— Bending  moment  due  to  radial  loading  distributed 
along  a  circular  section 


Fig,  6— Bending  moment  due  to  a  moment  distributed 
along  a  circular  section 


G, 


2  tan  7 

xA,/ 


D\  .tan  7  A, 
Ai-Ai.^  2£ 


4) -2/. 


Equation  (6)  is  a  finite-difference  equation  with  constant 
coefficients.  It  may  be  integrated  taking  into  account  the 
fallowing  conditions. 

{o  =  0  when  K  =  0 

=  1  when  £  =  n 


The  £»/£  ratios  can  be  evaluated  from  the  {*  values. 
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Consider  an  indefinite  cylinder  loaded  by  radial  forces 
uniformly  distributed  along  a  circular  section  (see  Fig.  4). 
According  to  the  general  theory  of  shells:” 

A/,  =  -  e’*‘  (cos  0x  -  sin  0x)  (7) 


where 


0* 


12(1  ->>)» 
C>j> 


In  the  above  equations  P  is  the  radial  load  per  unit  length, 
s  is  the  wall  thickness,  q  the  mean  diameter;  x,  always 
positive,  is  the  distance  along  the  axis  of  symmetry  from 
the  cross  section  where  the  load  is  applied;  M,  is  the 
bending  moment  per  unit  length  on  the  cross  section  at 
•v,  positive  when  it  produces  compression  in  the  outside 
surface  of  the  cylinder  and  tension  in  the  inside  surface 
(see  Fig.  5). 

In  the  same  way,  if  the  load  is  a  bending  moment  M.o 
uniformly  distributed  along  a  circular  section,  assuming 
that  in  this  section  radial  displacement  is  nil  (see  Fig.  6): 

A/.  =  ±  ^  cos  0x  (8) 


where  the  sign  is  positive  for  the  right  side  and  negative 
for  the  left  side  of  the  cylinder. 

In  both  cases  it  can  easily  be  seen"  that  all  stress 
components  and  displacements  almost  vanish  for  x£ 
x/|3  (x  a  25  mm  for  the  female  member  wall).  Therefore, 
if  the  loads  are  far  enough  from  the  ends  of  a  finite 
cylinder,  eqs  (7)  and  (8)  can  be  used. 

By  superimposing  the  effects  of  all  radial  loads  £«  and 
moments  Men,  the  bending  moments  at  the  5, .  .  .  ^4 
cross  sections  were  determined  applying  the  above 
solutions. 
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illuminating  angle  between  the  two  light  beams;  and  $  is 
the  angle  between  the  normal  direction  of  the  specimen 
surface  and  the  biseciional  direction  OC  of  the  two  light 
beams.  When  6  =  0,  which  corresponds  to  symmetric 
illumination  (u  =  =  a),  we  have 


P  =  P. 


X 

2  sin  a 


(3) 


where  p,  is  the  grating  pitch  in  the  a-,  plane  (surface 
normal  CC)  and  it  is  a  constant  once  the  optical  system 
is  fixed.  Equation  (2)  can  be  simplified  by  utilizing  the 
relation  given  by  eq  (3),  yielding 


The  corresponding  grating  frequency  is 


(5) 


Equations  (4)  and  (5)  show  that  grating  pitch  p  and 
frequency  /  in  the  k  plane  will  change  as  a  function  of 
angle  6,  indicating  that  two  sets  of  gratings  with  a 
different  number  of  gratings  could  be  registered  on  a 
certain  legion  of  an  object  if  there  is  a  change  in  6  between 
the  two  gratings’  registration.  The  change  in  $  could  be 
due  to  a  rotation  of  the  specimen  relative  to  the  virtual 
grating. 

If  a  curved  surface  coated  with  a  light-sensitive  medium 
undergoes  the  same  procedure,  then  the  two  sets  of  gratings 
will  interfere  to  form  a  ftinge  pattern  on  the  specimen 
surface.  This  fringe  pattern  reveals  the  surface  topo¬ 
graphic  contour  via  some  mathematical  expressions  which 
shall  be  derived  in  the  'ater  sessions.  This  is  the  principle 
of  topographic  contour  measurement  by  double-exposure 
moire  interferometry. 


Measurement  of  Uniform  Deformation 

Double-exposure  moire  interferometry  may  be  used  for 
the  measurement  ot  umform  radial  expansion  or  shrinkage 
of  cylindrical  surfaces  even  without  any  rotation  between 
the  two  exposures,  A  cylindrical  surface  is  exposed  to  the 
virtual  grating  as  shown  in  Fig,  2  Suppose  there  are  n 
gratings  formed  on  arc  Then,  for  some  reason,  the 


shell  expands  from  /ci  to  gah  with  point  /  moving  to  g 
and  point  c  to  a.  Because  of  the  expansion,  arc  yc'which 
has  ^ready  been  exposed  to  a  total  number  of  n  gratings 
now  is  expanded  to  arc  and  becomes  capable  oi 
registering  a  total  number  of  m  gratings.  The  difference 
in  grating  numbers  will  create  fringes  which  are  related  to 
the  amount  of  shell  expansion. 

Obviously,  the  grating  pitch  on  the  sheli  surface  is  a 
function  of  angle  6.  However,  the  projection  of  surface¬ 
grating  pitch  on  the  vertical  line  is  the  same,  i.e., 
pitch  p,.  By  following  a  similar  analysis  as  that  for  the 
shadow-moire  technique,"  we  can  write  the  number  of 
fringes  formed  on  arc  as 

Np.  =  mp,-np,  =  Ta*-  dc  =  AR  sin  4)  (6) 


Dividing  both  sides  of  the  above  equation  by  sin  0  yields 


(7) 


At  a  given  point  a,  p,  is  a  constant  and  N  can  be  deter¬ 
mined  by  the  fringe  pattern  obtained.  In  order  to  evaluate 
Af?,  we  must  know  the  value  of  <i»  which  depends  on  how 
the  fringe  pattern  is  being  recorded.  If  the  optical  axis  of 
the  recording  lens  coincides  with  line  gdO,  then  arc  /I? 
is  recorded  as  line  ea  which  is  defined  as  x  The  following 
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of  interest.  Using  the  conventional  moiri  fringe  analyzing 
method  and  denoting  np,  by  x,  we  get 

Np.  -  mp,  -  np,  =  X  cos  «  +  w  sin  a  -  X  (1 1) 


Solving  cq  (11)  for  w, 

w  =  +  -^(1  -  cos  a) 

sin  a 


(12) 


For  the  case  of  uniform  shell  shrinkage,  the  initial  radius 
is  /?  =  Oa,  X  =  'Wc' and  sin  <t>  =  x/R.  Substitute  these 
into  eq  (7),  we  get 


(10) 


N  in  eqs  (9)  and  (10)  is  ordered  in  such  a  way  that  it  is 
zero  when  x  =  0  and  it  increases  for  shell  expansion  while 
decreases  for  shrinkage,  making  AR  bear  the  right  sign. 
To  evaluate  AR,  one  just  has  to  choose  a  fiinge,  number 
it,  measure  its  x  coordinate,  then  substitute  them  along 
with  the  values  of  R  and  p,  into  eq  (10). 

Because  x  can  be  almost  as  large  as  R  and  N  can  be  as 
small  -IS  one,  AR  has  nearly  the  same  magnitude  as  that 
of  pitch  p..  While  the  magnitude  of  the  latter  can  be  as 
small  as  that  of  the  wavelength  of  the  illuminating  light 
source  indicating  that  the  sensitivity  of  this  method  is 
quite  high.  The  lower  limit  of  sensitivity  of  this  technique 
depends  on  the  requirements  on  the  density  of  fringes  and 
the  radius  of  the  shell.  Suppose  N/x  =  10  (fringe  spacing 
is  0.1  mm)  and  if  =  100  mm.  then  the  lower  limit  is 
1000 p..  Noting  that  the  value  of  p,  is  generally  about  one 
micrometer,  the  measurable  shell  radial  deformation 
range  is  approximately  between  one  micrometer  to  one 
rnillimetei . 

The  above  derivation  was  made  under  the  condition, 
that  the  fringe  pattern  was  recorded  when  the  shell  is  at"' 
the  deformed  state.  The  same  analyzing  method  can  also 
be  applied  to  the  case  that  the  fringe  pattern  is  recorded 
when  the  shell  has  resumed  its  original  dimension  after 
the  two  exposures,  only  to  yield  slightly  different 
expressions. 


Measurement  of  Surface  Topography 

Double-exposure  moire  interferometry  can  be  used 
directly  for  measuring  topographic  contour.  A  specimen 
coated  with  photosensitive  material  is  first  exposed  to  a 
volume  of  virtual  grating  and  then  it  is  exposed  to  the 
same  virtual  grating  again  after  either  the  optical  system 
or  the  specimen  is  rotated  a  certain  angle.  These  two 
exposures  will  make  two  sets  of  gratings  on  the  specimen 
surface.  They  will  in  general  interfere  with  each  other  to 
form  a  moird  fringe  pattern  which  is  related  to  the  topo¬ 
graphy  of  the  SDfcimen  through  certain  mathematical 
expressions. 

The  form  of  such  expressions  depends  on  the  way  the 
optical  system  or  specimen  ss  .otated  and  the  setup  of  the 
coordinate  system.  Three  cases  and  the  corresponding 
topography-evaluation  expressions  will  be  studied  m  the 
coming  sessions  followed  by  a  discussion. 


Rotating  the  Optica!  System 

Suppose  the  optical  system  is  rotated  clockwise  an 
angle  a  in  the  A"  -  IF  plane  (Fig.  3)  between  the  two 
exposures.  W'ithout  io.s!ng  generality,  point  e  is  chosen  to 
be  the  origin  of  the  coordinate  system  and  a  is  the  point 


where  N  is  the  fringe  order  at  point  a  and  it  is  zero  when 
X  =  w  =  0. 

Applying  the  same  analysis  for  the  left  part  of  the  X 
axis,  we  get  the  following  expression. 

^  ^  Np.-xd-cos  g) 

sin  a  ' 

Note  that  x  is  the  length  of  mp,  and  should  be  positive 
for  both  sides  of  the  X  axis.  We  conclude  that  the  w 
evaluation  expression  is  slightly  different  for  the  different 
sides  of  the  X  axis.  This  difference  can  be  negligible 
because  the  term  x(l-cosa)  is  very  small  compared 
with  Np,  for  small  a,  making  the  fringes  represent  con¬ 
tours  of  equal  w  coordinates,  which  will  be  discussed  later. 

If  the  fringe  pattern  is  recorded  via  a  lens  with  its 
optical  axis  coinciding  with  the  IV  axis,  then  x  in  the 
above  expressions  can  be  measured  from  the  photographed 
fringe  pattern.  The  values  of  p,  and  a  are  also  known 
from  the  optical  setup  and  the  amount  of  rotation. 
Therefore,  w  can  be  evaluated. 

For  the  case  that  the  optical  system  rotates  counter¬ 
clockwise,  the  vv  evaluation  expressions  will  be  the  same 
as  eqs  (12)  and  (13)  except  that  the  sign  of  the  term 
x(l  ~  cos  «)  will  be  just  the  opposite. 

Rotating  the  Specimen 

More  often  than  not,  it  is  easier  to  rotate  a  specimen 
rather  than  the  optical  system  between  the  two  exposures. 
Because  of  the  nature  of  relative  motion,  we  do  expect 
to  sec  the  same  expressions  as  eqs  (12)  and  (13).  However, 
we  will  go  through  the  derivation  for  rotating  a  specimen 
about  an  arbitrary  point  in  the  following  discussion. 

Curve  ape  on  an  arbitrary  object  rotates  an  angle  o 
counterclockwise  about  point  0  to  as  shown  in 

Fig.  4.  The  difference  in  grating  numbers  yields  the 
following  relation. 

Np^  =  mp,  -  np,  =  X  -  ~cF  sin  (6  -  o)  (14) 


0 


Fig  3— Rotating  the  optical  system 
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Noting _ that  sin  (9  -  «)  =  sin  6  cos  a  -  cos  9  sin  a; 

ch-c'b',  and  cdsin9*x,  cd  cos  9  =  w,  we 
can  rewrite  eq  (14)  as 

w  =  ^Po  ~  ~ 

sin  a  ' 

The  term  a:(1  -  cos  a)  bears  a  negative  sign  because  the 
rotation  of  the  specimen  is  counterclockwise  and  the 
coordinate  system  is  fixed  at  the  final  position  of  the 
object  (Fig.  4).  If  we  change  the  direction  of  rotation  or 
the  side  of  the  X  axis  under  investigation,  we  shall  get  the 
same  result  as  that  discussed  in  the  previous  sessions. 

The  fact  that  the  expressions  derived  for  the  general 
case  are  the  same  as  those  for  special  cases  indicates  that 
the  rotating  object  and  its  center  of  rotation  have  no 
effect  on  ihe  eviuation  of  topography.  While  the  rotating 
direction  or  the  cnange  in  the  part  of  the  X  axis  will  only 
change  the  sign  of  a  term  in  the  expression. 

Using  a  Periphefy  Camera 

Sc  far  only  the  conventional  camera  has  been  utilized 
for  fringe-pattern  recording.  The  disadvantages  of  using 
such  a  camera  for  fringe-pattern  recording  on  a  curved 
surface  is  that  not  all  points  could  be  focused  sharply 
because  w  and  hence  the  objective  distance  changes  from 


mp 


point  to  point  making  the  determination  of  the  x  co¬ 
ordinate  erroneous.  Besides,  w  variation  induced  perspec¬ 
tive  effect  also  introduces  error.  Errors  like  these  may  be 
negligible  for  slightly  curved  surfaces  but  must  be  taken 
into  consideration  for  cylindrical  or  conical  surfaces  with 
small  radii. 

In  order  to  reduce  this  kind  of  error,  a  so  called 
periphery  camera' '  may  be  used  for  fringe-pattern  record¬ 
ing  on  cylindrical,  conical  or  near  cylindrical,  near  conical 
surfaces.  .4  periphery  camera  is  capable  of  developing  the 
cifcumference  of  a  cylindrical  or  a  conical  surface  into  a 
plane.  In  doing  so,  x  in  the  above  expressions  will  be 
replaced  by  another  variable  /  which  is  a  direct  measure 
from  the  fringe  pattern  photographed  by  the  periphery 
camera.  For  a  cylindrical  surface,  i  =  R<t>,  x  =  R  s'm  <(> 
and  sin  ^  =  sin  (l/R).  Thus,  eq  (15)  can  be  rewritten  in 
terms  of  /  as 


Np,  -  R  sin  (//f?)(l  -  cos  a) 
sin  a 


(16) 


In  the  following  discussion,  all  the  fringe  patterns  were 
recorded  by  such  a  periphery  camera. 


Further  Discussion 


Equations  (12),  (13)  and  (16)  describe  fringe  equations 
for  the  topographic  contours  instead  of  contours  because 
they  are  dependent  on  the  x  coordinate.  They  represent 
contour  only  if  the  second  terms  in  the  numerators  are 
negligible  compared  with  the  first  terms  Np,  yielding 


M- 


sin  a 


(17) 


As  shall  be  seen,  such  an  app'  oxitnation  is  valid  for  small 
rotating  angles  and  small  fringe  spacing. 

The  sensitivity  of  this  technique  is  determined  by  the 
difference  in  w  between  two  adjacent  fringes.  Taking 
eq  (13)  as  an  example,  the  sensitivity  is  given  by 

A  ,  Kr\  p, -  Ax(l -cos  a) 

Aw  =  w{N  +  1)  -  w(N)  a  — i— : — 1 

sin  a 


(18) 


t  0 

Pig  4— Rotating  the  specimer  about  an 
arbitrary  point 


Rotated  Angle  a(Degree) 
Fig  5— Sensitivity  versus  rotated  angle  at 
various  fringe  spacings 


whcic  Ax  is  the  difference  in  x  between  two  adjacent 
fringes  (fringe  spacing  in  the  X  direction). 

Apparently,  p,  and  a  all  influence  the  sensitivity.  Pitch 
p.  is  normally  a^ut  the  order  of  micrometer  and  takes  a 
fixed  value  once  the  optical  arrangement  is  fixed.  Then 
the  most  easily  adjustable  factor  is  angle  a.  Figure  5 
shows  the  relation  between  A  w  Oogarithmic  scale)  and  a 
numerically  calculated  according  to  eq  (18)  where  the 
grating  pitch  p,  is  taken  to  be  2.0  >im.  The  solid  line 
represents  the  sensitivity  for  w  contour  (eq  (17))  defined  as 


The  sensitivity  A  w  evaluated  for  different  values  of  fringe 
spacing  Ax  is  also  plotted  in  Fig.  5.  It  is  seen  that  for 
small  a  values  the  sensitivity  is  almost  independent  of 
Ax.  When  a  £  1  deg,  for  Ax  s  1  mm,  the  error  in  sensi¬ 
tivity  caused  by  using  contour  expression  (eq  (19))  in¬ 
stead  of  topographic  contour  expression  (eq  (18))  is  less 
than  eight  percent. 

Figure  5  also  snows  that  the  sensitivity  can  be  adjusted 
to  the  order  of  micrometer  by  making  the  rotation  angle 
be  about  3.5  deg  for  Ax  =  1  mm.  The  lower  limit  of  the 
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Fig.  6— Topographic  contour  study  ot  a 
cylinder,  (a)  Topographic  contour  fringe 
pattern  (R  =  25.4  mm,  p,  =  0.7  /im, 
a  =  0.17  deg);  (b)  comparison 
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sensitivity,  as  shown  in  Fig.  5,  can  go  as  much  as  a  few 
millimeters  for  sufficiently  small  angle  rotations. 

Equation  (15)  can  be  rewritten  as 

w  .  (20) 


where  x/N  is  the  average  fringe  spacing.  Noting  that  eq 
(20)  is  analogous  to  eq  (18),  we  can  conclude  that  Fig.  S 
and  the  result  of  the  above  error  analysis  discussion  can 
be  readily  applied  to  the  comparison  between  topographic 
contour  (e.g.,  eq  (16))  and  w  contour  (eq  (17))  as  well. 
Thus,  the  fringes  obtained  by  the  present  technique 
approximately  represent  contours  of  equal  w  coordinates 
for  small  angle  rotations  (a  £  1  deg). 


For  a  flat  plane,  Aw  is  zero  and  p,  -  p  cos  a,  eq  (18) 
becomes 


Lx  = 


_ Pi_ _ ^  P.P 

1  -  cos  a  P~  p. 


(21) 


This  is  exactly  the  same  as  the  expression  for  fringe* 
spacing  evaluation  of  a  mismatch  fringe  pattern  of 
classic  moire  method."* 


Experimental  Investigation 

The  validity  of  the  above  derivation  was  verified  by 
some  experiments  carried  out  on  cylindrical  shells  with 
and  without  diametrical  loading.  The  specimens  were 
prepared  according  to  a  procedure  described  elsewhere” 
except  that  no  aluminum  coating  was  applied  to  the 
present  work. 

Figure  6(a)  (R  »  25.4  mm,  p,  =  0.7  ;im,  a  =  0.17 
deg.  Aw  =  230  ^m)  is  the  fringe  pattern  of  a  uniform 
cylinder  recorded  by  a  periphery  camera  where  the 
horizontal  axis  is  no  longer  x  but  rather  arc  length  /.  The 
small  circles  in  Fig.  6(b)  are  w  coordinates  calculated  by 
eq  (16)  based  on  the  fringe  pattern  obtained  [Fig.  6(a)); 
while  the  solid  line  represents  w  coordinates  calculated 
according  to  the  measurement  of  shell  geometry  by 

w  =  /7(l-cos6)  (22) 

Apparently,  the  experimental  results  agree  well  with  the 
calculated  one. 

Figures  7  and  8  show  some  experimental  results  for 
nonuniform  cylindrical  shells.  Figure  7  is  the  moire  fringe 
pattern  of  a  cylindrical  shell  with  some  initial  imperfec- 
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tion.  Figure  8(a)  (R  =  50.2  mm,  p,  =  1.66  urn,  a  = 
0.6  deg,  Aw  =  157  fim)  is  the  fringe  pattern  of  a  shell 
under  diametrical  point  loading. 

Applying  this  double-exposure  moire-interferometry 
technique  twice,  once  before  and  once  after  specimen 
is  deformed,  one  will  get  two  sets  of  moirrf  fringe  patterns 
respectively.  Comparing  these  two,  one  can  find  the  w 
displacement  due  to  the  load  alone.  Figure  8(b)  is  such  a 
comparison  where  the  dots  represent  the  w  coordinates  of 
a  shell  with  the  diametrical  load  and  the  solid  line  repre¬ 
sents  that  without.  The  difference  in  w  gives  the  displace¬ 
ment  due  to  the  loading  alone.  Therefore,  surface-topo¬ 
graphic  contour  or  w  displacement,  no  matter  it  is  uniform 
or  not,  may  be  measured  by  double-exposure  moire' 
interferometry. 

Conclusion 

An  experimental  technique,  along  with  some  theoretical 
derivation  and  experimental  verification,  for  the  determina¬ 
tion  of  topographic  contour,  or  contours  of  equal  w 
coordinates  for  small  angle  rotations,  based  on  a  double¬ 
exposure  moiri-interferometry  technique,  is  presented.  Its 
applications  to  the  accurate  determination  of  shell  uniform 
radial  deformation  and  of  topography  of  arbitrarily 
curved  surfaces  are  demonstrated. 

The  sensitivity  of  the  technique  is  shown  to  be  from  the 
order  of  micrometers  to  that  of  millimeters.  It  can  be 
easily  adjusted  by  controlling  the  amount  of  rotation  of 
the  specimen  relative  to  the  optical  system  between  the 
two  exposures.  Within  a  certain  rotating  limit,  which  is 
about  four  deg  for  the  test  conditions  in  the  present 
work,  the  larger  the  rotated  angle,  the  higher  the  sensitivity 
and  vice  versa. 

The  w  evaluation  expression  is  independent  of  the 
rotating  object  and  its  rotating  center  between  the** 
exposures.  However,  the  change  in  rotating  direction  or 
the  side  of  the  X  axis  will  alter  the  sign  of  a  term  in  the 
expression.  This  difference  is  negligible  for  small  angle 
rotations. 

The  fringe  pattern  produced  by  this  method  in  general 
yields  surface-topographic-contour  because  the  co¬ 
ordinate  X  is  involved  in  the  expressions  for  the  w 
coordinate  evaluation.  However,  for  very  small  angle 
relative  rotations,  this  involvement  is  negligible  indicating 
that  the  moirrf  fringes  obtained  by  this  technique  reprcsetii 
contours  of  equal  w  coordinates. 

The  major  drawback  of  this  technique  is  that  sometimes 
it  is  difficult  to  record  the  fringe  pattern  with  the  same 
contrast  on  the  whole  specimen  surface  because  of  the 
grating  diffraction  effect.  Besides,  in  siiu  adjustment  of 
fringe  density  such  as  that  of  the  shadow  moire  method  is 
not  possible  with  the  present  technique.  This  means  that 
either  a  rough  knowledge  about  the  curved  surface  or  a 
trial  and  error  process  is  needed  before  a  satisfactory 
fringe  pat'em  can  be  obtained. 
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Small-crack  Closure  Measurements  in 
Titanium  Alloys 

by  J.M.  Larsen  and  J.R.  Jira 


ABSTRACT— An  automated  interlerometrin  displacement  gage 
was  used  to  monitor  crack-mouth-opening  behavior  of  naturally 
Initiated  smatl  surface  cracks  in  a  series  of  titanium  alloys 
having  a  range  of  mlcrostruotures  and  deformation  charac¬ 
teristics.  Findings  indicate  that  the  transient  development  of 
crack  closure  plays  a  significant  role  in  the  early  propagation 
of  small  fatigue  cracks. 

Introduction 

After  several  years  of  active  research  to  study  the 
propagation  of  small  fatigue  cracks,  a  signlHcant  body  of 
literature  dealing  with  this  subject  has  emerged  (see  Refs. 
Ml).  It  has  been  shown  that,  when  described  by  the 
linear-elastic  stress-intensity-factor  range,  AJf,  small 
cracks  may  propagate  significantly  faster  than  nominally 
equivalent  large  cracks  and  that  small  cracks  often  do  not 
exhibit  the  normal  threshold  stress-intensity-factor  range, 
that  limits  the  propagation  of  large  cracks.  Small 
cracks  often  have  been  categorized  by  one  or  more 
descriptive  terms  which  further  classify  them  as  being: 
mechanically,  microstructurally,  physically,  or  chemically 
small.”  Mechanically  small  cracks  arc  defined  as  having  a 
length  of  the  order  of  the  crack-tip  plastic-zone  size, 
while  microstructurally  small  cracks  have  a  length  of  the 
order  of  the  dominant  microstructural  dimension.  Due  to 
its  size,  a  crack  that  is  simply  physically  small  may  behave 
differently  than  an  otherwise  equivalent  large  crack  and, 
finally,  a  small  crack  may  respond  differently  to  a 
chemically  aggressive  environment  than  a  corresponding 
large  crack.  Although  there  are  numerous  factors  that 
may  contribute  to  the  disparity  between  small-  and  large- 
crack  growth  rates,  recent  evidence  indicates  that  differences 
in  crack-closure  behavior  of  small  versus  large  cracks  are 
often  of  primary  importance. 

Crack  closure,  which  has  been  the  subject  of  a  number 
of  review  articles”’”  and  a  symposium,”  may  be  briefly 
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described  as  a  wedging  action  that  occurs  in  the  wake  of  a 
fatigue  crack,  interfering  with  the  normal  opening  and 
closing  motion  of  the  crack.  A  crack  that  experiences  the 
remotely  applied  value  of  A/f  =  K„„  -  K^t,  may  actually 
experience  an  effective  stress-intensity-factor  range, 
£sK.„  =  where  K„  is  the  stress-intensity 

factor  at  crack  closure.  Thus,  for  situations  where  K,,  is 
substantially  greater  than  /f.,.,  the  crack-growth  behavior 
may  be  significantly  affected  by  crack  closure.  Since 
closure  operates  in  the  wake  of  a  fatigue  crack,  a  finite 
crack  len^h  must  exist  before  the  mechanism  can  develop 
fully.  It  has  been  speculated  that  the  absence  of  fully 
developed  closure  for  small  cracks  is  at  least  partially 
responsible  for  their  ‘anomalously’  fast  growth.  The 
development  of  crack  closure  may  be  quite  complex, 
however,  since  closure  is  produced  by  three  primary 
mechanisms  (associated  with  fracture-surface  plasticity, 
oxides,  and  roughness  (asperities)],  which  may  operate 
simultaneously  to  various  degrees  depending  on  loading, 
material,  environment,  temperature,  and  crack  size. 

Experimental  measurement  of  the  closure  behavior  of 
small  cracks  is  extremely  difficult,  however,  \vhich 
accounts  for  the  very  limited  number  of  such  data  available 
in  the  literature.  Recently,  thir  difficult  task  has  been 
accomplished  using  an  interferometric  displacement  gage 
(IDG)  developed  by  Sharpe.”  Larsen  et  ai"  demonstrated 
the  utility  of  the  IDG  for  small-crack  testing  on  an  ad¬ 
vanced  titanium  alloy  and  have  since  applied  this  tech¬ 
nique  to  a  number  of  other  alloys.”  Lee  and  Sharpe”  and 
Su  and  Sharpe”  have  used  the  IDG  to  investigate  small- 
crack  behavior  in  aluminum  alloys.  This  paper  will  discuss 
the  characteristics  and  attributes  of  the  computerized 
interferometric  displacement  gage  and  present  direct 
experimental  measurements  of  the  development  of  crack 
closure  in  surface  flaws  in  a  series  of  titanium  alloys 
possessing  a  range  of  microstructures  and  deformation 
characteristics. 

Experimental  Procedure 

The  procedure  for  small-crack  testing  was  specifically 
developed  to  allow  small  cracks  to  initiate  naturally  on  a 
residual-stress-free  specimen  surface.  All  small-crack 
testing  was  performed  on  electropolished  axial  specimens 
containing  a  mild  notch  (K,  =  1.037),  which  served  to 
localize  crack  initiation."  The  specimens  were  cycled  at  a 
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ABSTRACT 

An  alternate  approach  of  fuUy-automatic  speckle  interferometry  is  developed.  Two  speckle  patterns  of 
a  specimen,  one  before  and  one  after  deformation,  are  registered  by  a  video  camera.  These  digital  speckle 
patterns  are  segmented  into  many  very  small  subimages.  Analysis  of  corresponding  subimage  pairs  is  per¬ 
formed  pointwisc  at  various  locations  from  both  speckle  patterns.  Basic  data  process  involves  two-step  fast 
Fourier  transform  (FFT).  Local  displacement  vector  is  revealed  by  detecting  a  signal  hill  in  the  secondary 
spectral  domain.  Accurate  characterization  of  displacement  components  is  achieved  by  a  biparabolic  fitting 
and  maximum- searching  near  the  signal  liill.  Whole  field  displacement  distribution  is  deduced  by  analysis 
of  all  subimage  pairs.  An  artificial  rigid  shift  between  the  two  speckle  patterns  is  introduced  in  case  of 
very  large  displacement.  The  range  of  measurable  displacement  is  unlimited  as  long  as  the  two  speckle 
patterns  remain  correlated.  Incremental  deformations  in  a  dynamic  loading  process  can  be  measured  by 
registering  more  speckle  patterns  at  consective  deformation  stages  and  analyzing  each  pair  of  successive 
speckle  patterns.  The  technique  has  been  applied  to  the  study  of  crack  tip  deformation  fields. 


1  Introduction 

La.ser  speckle  interferometry  is  sm  ideal  technique  for  the  measurement  of  surface  as  well  as  internal 
deformation.*  Being  nondestructive  and  remote  sensing,  it  is  applicable  to  high  temperature  enviromnent, 
static  as  well  as  dynamic  deformations.^  Its  basic  process  involves  speckle  recording,  specklegram  devel¬ 
oping,  fringe  pattern  generation  and  cinalysis.  Many  automatic  fringe  pattern  analysis  methods  have  been 
developed  in  both  the  pointwise  and  the  whole  field  analysis  of  the  specklegram.^' However,  speckle 
gram  developing  is  still  a  manual  procedure  which  contradicts  full  automation  of  the  whole  process  Ther- 


also  exist  unavoidable  upper  and  lower  displacement  limits.  The  well  developed  electronic  speckle  pattern 
interfrrometry  (ESPI)  is  an  automatic  technique  for  out-of-plane  or  in- plane  displacement  measurements 
by  using  different  optical  arrangements. “  Phase  value  evaluation  of  the  fringe  patterns  in  the  ESPI  has 
been  obtained  using  a  phase-stepping  technique. While  high  sensitivity  is  achieved  in  a  whole  field 
survey,  the  system  is  intolerant  of  environmental  disturbances,  measurable  displacement  is  restricted  in 
several  wave  lengths  of  the  illuminating  light,  and  the  system  is  effective  only  for  detection  of  one  displace¬ 
ment  component  unless  a  particular  treatment  is  given.  Another  automatic  approach  is  the  digital  speckle 
correlation.**-”  Reliable  results  of  both  in-plane  displacement  components  and  displacement  gradients 
have  been  reported  using  the  white-light,  laser  or  acoustical  speckles  in  a  pointwise  analysis  fashion  over 
wide  range  of  deformation.  The  drawback  is  such  a  process  is  the  large  amount  of  computation  required 
in  the  correlation  evaluation,  although  some  efforts  have  been  taken  to  improve  'he  computation. 

In  1990,  a  new  computer-aided  speckle  interferometry  (CASI)  was  developed.”  It  retains  all  advantages 
of  the  conventional  optical  speckle  interferometry  and  provides  an  extended  range  of  measurement  in  cases 
of  very  large  or  very  small  displacements.  Comparing  with  ESPI,  it  utilizes  much  simpler  optical  setup, 
provides  complete  2-D  displacement  fields  in  a  much  larger  deformation  range,  and  is  noise-resistant  in 
industrial  environments.  While  providing  comparable  range  with  digital  correlation  method,  it  achieves  20 
times  faster  computing  speed. 

In  this  work,  we  develop  a  modified  approach  to  the  problem.  Besides  all  the  highlights  of  the  previous 
approach,  the  new  system  requires  no  image-shifting  between  two  speckle  patterns  even  in  case  of  very 
small  displacements.  Neither  is  the  shifting  required  to  determine  signs  of  displacement  components.  Since 
only  one  signal  hill  is  generated  in  the  secondary  spectrum,  the  whole  spectral  domain  is  more  efficiently 
used  in  displacement  estimation.  The  rsmge  of  measurable  deformation  is  about  the  same  of  the  previous 
approach.  While  the  amount  of  computation  is  1.5  times  of  the  first  approach. 


2  System  and  Procedures 

The  system  used  for  data  acquisition  and  image  processing  is  shown  in  Fig.  1.  The  specimen  is  illuminated 
by  a  white-light  or  laser  beeun  so  that  laser  or  white-light  speckles  are  generated  on  its  surface.  Speckle 
patterns  of  the  object  are  imaged  by  the  objective  and  registered  onto  the  sensor  of  a  video  camera.  The 
light  intensity  of  each  speckle  pattern  is  digitized  into  an  array  of  512  x  480  pixels  with  8  bits  gray  le\els 
by  the  DT-2861  Frame  Grabber  and  stored  into  frame  buffers  or  diskettes.  The  IBM-PC/AT  controls  the 
data  acquisition,  performs  image  processing,  and  interfaces  with  a  laser  printer. 

Basic  process  of  the  technique  involves  data  acquisition  emd  data  processing.  In  data  acquisition,  two 
speckle  patterns  of  the  specimen,  one  before  eind  one  after  deformation,  are  captured  by  the  video  ccunera 
and  stored  in  the  computer. 


Fig.2  depicts  general  procedures  of  the  data  processing  in  the  program.  Two  registered  speckle  patterns 
are  first  segmented  into  240  very  small  subimages  (32  x  32  pixels  in  size).  Each  two  corresponding  subimages 
from  both  large  images  constitute  a  subimage  pair  and  are  to  be  analyzed  to  yield  local  displacement  vector 
at  the  subimage  location.  A  FFT  is  applied  to  both  subimages  to  generate  two  complex  spectra  and  a 
resultant  spectrum  is  obtained  by  taking  square-root  of  the  product  of  the  two  spectral  amplitudes  as 
amplitude  field  and  the  phase  difference  between  the  two  spectra  as  phase  field.  A  second-step  FFT  is 
then  applied  to  the  resultant  spectrum  and  a  signal  hiU  is  generated  in  the  secondary  spectrum.  The  local 
displacement  vector  of  the  specimen  at  the  subimage  location  is  uniquely  determined  by  detecting  peak 
position  of  the  signal  hill  in  the  secondary  spectral  domain.  By  analyzing  all  subimage  pairs  of  the  two 
large  speckle  patterns,  2-D  displacement  fields  of  the  specimen  can  be  deduced  completely.  More  steps  of 
incremental  deformation  in  a  dynamic  loading  process  can  be  revefded  by  registering  more  speckle  patterns 
at  different  deformation  stages  and  emalyzing  each  peur  of  successive  registered  speckle  patterns.  Strain 
fields  can  obtained  by  differentiating  the  resulting  u-  smd  r -displacement  fields. 


3  Theoretical  Basis 

Suppose  we  have  registered  two  speckle  patterns  of  a  specimen  into  the  computer,  one  before  and  one 
after  deformation  (see  Fig.2).  These  two  speckle  patterns  are  first  segmented  into  two  groups  of  very 
small  (32  X  32  pixels)  subimages.  As  a  typical  process  in  the  pointwise  recurring  analysis,  we  examine 
one  subimage  pair,  hi(xty)  and  h2(x,v),  from  the  t^p  large  images  respectively.  Since  the  subregion  is 
very  small,  one  can  assume  that  displacement  inside  the  subimage  is  uniform.  Then  if  represent  the  first 
subimage  by  h(*,y),  the  second  subimage  is  a  shifted  function  of  h{x,y),  plus  an  uncorrelated  random 
noise  term,  i.e., 

hi(r,y)  = /»(z,y), 

hi{x,y)  =  h(z  -  u,y  -  v)  -f  n(x,y), 

where  (u,  v)  is  local  displacement  vector,  n(x,  y)  is  imcorrelated  noise.  By  applying  Fourier  transforms  to 
both  subimages,  two  spectra  of  them,  Ffi(/,,/y)  and  H2(/*,  /y),  respectively,  are  obtained  as, 

*  Bli(f.Jy)  =!£ri(/„/y)|  eip(M(/.,/y)) 

=  //n  M*.y)  exp(-;2ir(x/,  4-  y/y)]d*dy 

=  l^(/../y)l  exp(;d>(/„/y)l, 

Hiif.Jy}  =l^rj(/„/y)|  exp(;<^2(/.,/y)l 

=  //nl*(*  -  «.y  -  f)  +  n(x,y)]  exp(-j2jr(z/,  -f  yf^)\dxdy 

=  \H(f.,fy}\  exp{;(0(/„/y)  -  2jr(u/.  -f  u/y)]}  +  iV(/„/,), 

where  (/*,/y)  are  spectral  domain  coordinates,  A  denotes  the  subimage  region,  |/f(/x,/y)l  and  0(/r,/y) 
are,  respectively,  spectral  amplitude  and  phase  fields,  and  iV(/,,  /y)  js  spectrum  of  the  uncorrelated  noise. 
From  the  two  resulting  spectra  a  new  complex  spectrum  C2m  be  organized  as 

(31 


F{f^Jy)=^  sl\Hx{fz,fy)  H2(ft,fy)\  ^Xf{i[(pl{U,fy]-4>i{fz.fy)]).  (4)  | 

In  practice,  the  noise  spectrum  is  a  weak  function.  For  simplification  of  analysis,  we  neglect  Sifx.fy] 
hereafter.  By  substituting  Eq.(2)  into  Eq.(4).  the  resultant  spectrum  becomes  ^ 

F(fx,fy)  ^  l/f(/i,/y)l  expi;j27r(u/x  +  v/j,)).  !.5> 

From  Eq.(5)  it  is  seen  that  the  phase  field  of  the  resultant  spectrum  is  a  plane  wave  whose  orientation  |||[ 
characterize  the  local  displacement  vector  (u,  v),  and  whose  amplitude  field  equals  the  amplitude  of  both 

individual  spectra.  S 

To  obtain  a  more  apparent  function  of  displacement  vector  (u,  u),  F(/*,  fy)  is  again  Fourier  transformed  P 
into  a  secondary  spectral  domain  (^,  q).  The  resulting  secondary  spectrum  is  ^ 

=  I L,  P{fx,fy)  exp(-j2T(/,(  +  fyr))]df^dfy  I 

=5  / /a/ /v)l  -“)  +  /«('? (*5) 

=  Gi(^  -  u,q  -  v)  V 


where  A/  denotes  the  spectral  domain,  and  Gi(^  -  u,q  -  v)  is  an  expanded  impulse  function  located  at 
(u,  u)  in  the  secondary  spectral  domain  (^,  q).  By  detecting  peak  position  of  this  impulse,  local  displace-  ■ 
ment  vector  can  be  uniquely  determined. 


Two  typical  signal  hills  obtained  in  the  secondary  spectral  domain,  one  at  zero  displacement  and  one  ^ 
at  nonzero  displacement,  is  shown  in  Fig.  3.  It  is  seen  that  the  signal  hill  appears  at  the  exact  center  of 
the  secondary  spectral  domain  at  zero  displacement  (Fig. 3a),  while  it  moves  out  of  the  center  when  the  |||| 
local  displacement  is  not  zero  (Fig. 3b). 


4  High  accuracy  by  biparabolic  fitting 


The  accuracy  of  the  displacement  components  from  direct  detection  of  the  signal  hill  in  the  discrete  spec¬ 
tral  domain  is  limited  by  the  pixel  size  of  the  sensor  array.  For  more  accurate  characterization,  a  subpixel  ^ 
detection  of  \he  displacement  is  necessary.  In  this  work  we  employ  a  biparabolic  least-square  fitting  algo-  jjj 
rithm  near  the  signal  hill. 


Suppose  PoUo^Vo)  is  the  detected  on-pixel  maximum  while  Fm(^m.qm)  is  the  subpixel  fine  maximum 
position  to  be  estimated  (Fig.4).  For  simple  description  we  select  a  new  coordinate  (^',  q')  as 


r  =  ^  -  (o, 


q'  =  q  -  lo- 


The  fine  maximum  position  in  the  new  coordinate  is  Fm(^m'’7m)'  "^ith 


qm  =  -  Ho- 
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The  continuous  Junction  to  be  fitted  near  the  signal  hill  can  be  interpolated  by  a  Taylor’s  series  around 
as 

Gj(i\ i)  =  c.  +  Cx[i‘  -  ^;)  +  Ciiv'  +  W  -  e;)'  -  c.in'  - 

-  Oiv'-rj'rr,)  +  CeiC  -  cf  +  Crin'  ~  (9) 

“  eM  -ri'r.)^-  c,(e  -  CK'i'  H.O.T., 

where  H.O.T.  denotes  higher  order  terms.  In  practice,  the  signal  hill  can  be  approximately  considered  as 
a  symmetric  function  about  (s««  Fig-d)-  Thus  several  terms  in  Eq.(9)  vanish,  i.e., 

Cl  =  Cj  =  Cs  =  Ce  =  C?  =  Cs  =  C’9  =  0, 

C3  =  C,. 

In  regard  to  the  symmetry  and  neglecting  H.O.T.  in  Eq.(9),  the  Taylor  series  is  reduced  to 

GfiC,  r,')  =  Co  +  CahJ'  -  s"m)'  +  iV  - 


(10) 


or 


where 


G/{^',  v')  =  Co  +  +  c^ri'  -)•  Tj'*), 


(11) 

(12) 


(13) 


Co  =  Co  +  +  bm) 

Cl  = 

a  =  -2C3t?^ 

C3  =  C3. 

Constants  Co  *v  03  can  be  estimated  by  least-square-error  method.  The  square-error  summation  between 
the  discrete  spectrum  GW,t]')  and  the  continuou.s  fitting  function  Of(C,T}')  in  a  square  region  of  (2A'  + 
1)  X  (2 A'  -t-  1)  pixels  around  the  signal  hill  is 


K  K 

d  =  ^  X]  (*^o  +  Ci^'  +  cjq'  +  C3('^  +  cjT}'^  -  Gi(\  r)')j^ 

('=-Kr,'=-K 


where  A’  is  a  appropriate  positive  integer.  At  6=  minimum,  we  obtain  four  constraint  equations 

dSJdci  =  0,  for  t  =  0  ~  3. 


Let 

and  note  that 
Eq.(l5)  becomes 


K  K 

for  fc,  1  =  0  4, 

C=-K 


Ml,:  =  0,  when  1:  or  1  is  odd, 


(14) 

(15) 

(16) 

(IT) 


Moo 
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M20  f  -Mo: 
0 
0 


M20  +  Mo2  0  0  M40  +  2M22  +  iMo4 


Co 

9o 

Cl 

gi 

C2 

12 

. 
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where  g<,  ~  are> constants  estimated  from  the  local  region  of  the  discrete  spectrum,  i.e.. 

■»]  [  ZpLKZi^-KOU'.'!') 

9.  ^  ZrLKZ:.^..K('Gi(’.n') 

9!  Zti-KZ:£.K’^'0{C.n') 

.  i  i  -<  n') , 

Note  that  the  square  matrix  in  Eq.(l§)  is  a  sparse  matrix,  coefficients  C3  can  be  readily  found  by. 

Co  (A/40  +  2A/22  +  A/o4)/i^  0  0  -(A/20  +  A/02 1/4^  9o 

c\  _  0  l/A/20  0  0  qi 

cj  0  0  IJMoi  0  52 

C3  -(A/20  +  A/o2)/A  0  0  Moo/ A  9.1 

where 

A  =  A/^(A/4o  +  2A/22  "i"  A/o4)  ~  (A/20  A/o:)*-  (21) 

When  a  local  region  of  5  x  5  pixels  is  used  in  fitting,  we  have  K  =  2,  A/00  =  25.  Mjo  =  A/02  =  50, 
A/22  -  100,  Mid  =  A/o4  =  170  and  A  =  3500  in  Eq,(20).  The  solution  of  Co  ■»  C3  is 


27/175  0  0  -1/35 

0  1/50  0  0 

0  0  1/50  0 


[c,  J  1-1/35  0  0  l/HO  J  [ 

From  Eq.(13),  the  maximum  subpixel  position  of  the  signal  hill  can  be  found  as 


Cm  =  -Cl/(2C3), 
I'm  -  -Cj/(2C3). 


And  the  local  displacement  components  are 


—  Cm  —  "h  Cm> 
V  =  f7m  =  f/e  +  Tf^. 


5  Results  and  discussion 

In  a  simple  experiment,  a  single  edge-cracked  altiminum  specimen  of  length  225  mm,  width  75  mm  and 
thickness  3.4  mm  under  model  I  loading  condition  was  tested.  The  prefatigued  crack  was  25  nun  in  length. 
One  surface  of  the  .specimen  wm  slightly  p^unted  by  white  emd  black  sprays  alternately  and  illuminated 
by  a  white-light  bulb  after  it  was  mounted  onto  a  INSTRON  loading  ceil.  An  area  of  about  20  x  20  mnr 
around  the  crack  tip  was  monitored  by  the  video  camera.  A  tensile  loading  was  applied  in  two  steps.  Three 
digital  speckle  patterns  were  obtained  at  zero  load,  first  and  second  loading  levels,  respectively  (Fig.  5a-c). 
The  u-  and  v-displacement  distributions  are  obtained  at  240  points  in  the  inspected  area  at  both  loading 
levels.  Result  at  each  point  was  obtained  by  analyzing  the  corresponding  two  subimages  of  32  x  32  pixels. 


Displacement  fields  at  Joad  level  I  were  obtained  by  processing  the  first  and  the  second  speckle  pattern 
(see  fontonrs  in  Fig.6).  And  that  at  load  level  II  were  obtained  by  processing  the  first  and  the  third 
speckle  pattern  (contours  in  Fig.7).  Fig.6  and  7  show  that  the  near-tip  displacement  fields  are  in  good 
agreement  with  our  earlier  work  done  by  moire.  Strain  fields  may  be  obtained  by  differentiating  the  u-  and 
v-displacement  fields.  And  comparison  of  displacement  and  strain  distributions  with  theoretical  elastic 
and  plastic  crack  tip  solutions  may  be  performed.  These  analyses  are  not  included  in  this  paper.  The 
digital  processing  takes  the  IBM-PC/AT  12  seconds  for  one  data  point  and  48  minutes  for  a  24  (16  <  15) 
points  rectangular  grid  at  present  time.  A  two-time  faster  processing  speed  is  going  to  be  achieved  by 
using  the  data  symmetry  in  the  2-D  FFT  operation  in  our  laboratory.  More  significant  improvement  may 
be  achieved  by  using  an  updated  computer  or  implementing  the  AT  with  an  array  processor. 

6  Acknowledgments 

This  work  was  supported  by  the  Army  Research  Office  tlu’ough  Contract  DAA20388K0033  (Scientific 
Officer:  Dr.  G.L.  Anderson)  and  the  Office  of  Naval  Research  through  Contract  N0001482K0566  (Scientific 
Officer:  Dr.  Yapa  D.S.  Rajapakse).  These  supports  are  gratefully  acknowledged. 

7  References 

1.  F.P.Chiang,  “A  new  family  of  2D  and  3D  experimental  stress  analysis  techniques  using  laser  speckles," 
SM  Archives,  Vol.3,  pp.27.58  ( 1978). 

2.  F.P.Chiang,  J.Adachi,  R.Anastasi  and  J.Beatty,  “Subjective  laser  speckle  method  and  its  application 
to  solid  mechanics  problems,"  Optical  Engineering,  Vol.21,  pp. 379-90  (1982). 

3.  G.H.  Kaufmann,  A.E.  Ennos,  B.  Gale  and  D.J.  Pugh,  “Electro-optical  readout  system  for  analysis  of 
speckle  photographs,”  Inst,  of  Phys.,  Vol.l3,  pp.579-84  (1980). 

4.  B.  Ineichen,  P.  Eglin  and  R.  Dandliker,  “Hybrid  optical  and  electronic  image  processmg  for  strain 
measurements  by  speckle  photography,”  Applied  Optics,  Vol.  19,  pp, 2191-5  (1980) 

5.  G.E.  Maddux,  R.R.  Corwin  and  S.L.  Moorman,  “Improved  automated  data  reduction  device  for  speckle 
metrology,”  Proc.  of  SESA  1981  SPring  Meeting,  pp.  248-58  (1981). 

6.  R.  Meynart,  “Instantaneous  velocity  field  measurements  in  unsteady  gas  flow  by  speckle  velocimetry," 
AppUed  Optics,  Vol.  22,  pp.535-40  (1983). 

7.  D.W.Robinson,  “Automatic  firinge  analysis  with  a  computer  image  processing  system,"  Appbe'’  Optics. 
Vol.22,  pp.2169-76  (1983). 

8.  J.M. Huntley,  “An  image  processing  system  for  the  analysis  of  speckle  photographs,"  Journal  of  Physics, 
E:1S,  pp.43-49  (1986). 

9.  G.T.Reid,  “.Automatic  fringe  pattern  analysis:  a  review.”  Optics  and  Lasers  in  Engineering,  Vol. 7. 
pp.37-68  (1986/7). 

10.  D.J. Chen  and  F.P.Chiang,  “Digital  processing  of  Young's  fringes  in  speckle  photography, '  Optical 
Engineering,  Vol. 29,  pp. 1413-20  (1990). 

11.  C.Wykes,  “Use  of  electronic  speckle  pattern  interferometry  (ESPI)  in  the  measurement  of  static  and 


''  -r  ^  7 


dynamic  surface  displaoements,’’  Optical  Engineering,  Vol.21,  pp.400-6  (1982). 

12.  K.A.  Stetson  emd  W.R.  Brohinsky,  “Electrooptic  hoiography  and  its  application  to  hologram  interfer¬ 
ometry.”  Applied  Optics,  Vol.24,  pp. 3631-7  (1985). 

13.  A.J.  Moore  and  J.R.  Tyrer,  “An  electronic  speckle  pattern  interferometer  for  complete  in-p!ane  dis¬ 
placement  measurement,”  Measurement  Science  and  Technology,  Vol.l,  pp. 1024-30  (1990) 

14.  C.R.  Mercer  and  G.  Beheim,  “Fiber  optic  phase  stepping  system  for  interferometry,”  Applied  Optics. 
Vol.30.  pp729-34  (1991) 

15.  F.M.  Santoyo,  M.C.  Shellabear  and  J.R.  Tyrer,  “Whole  field  in-plane  vibration  analysis  using  pulsed 
phase-stepped  ESPI,”  Applied  Optics,  Vol.30,  pp. 717-21  (1991). 

16.  W.H.  Peters  and  W.F.  Ranson,“Digitai  image  techniques  in  experimental  stress  analysis,”  Optical 
Engineering,  Vol.  21,  pp. 427-31  (1982). 

17.  T.C.Chu.  W.F.Ranson,  M. A. Sutton  and  W.H. Peters,  “Application  of  digital-image-correlation  tech¬ 
niques  to  experimental  mechanics,”  Experimental  Mechanics,  Vol.25,  pp. 232-44  (1985). 

18.  N.  Takai  and  T.  Asakura,  “Vectorial  measurements  of  speckle  displacement  by  2-D  electronic  correla¬ 
tion  method,"  Applied  Optics,  Vol.24,  pp. 660-5  (1985). 

19.  I.  Yamaguchi,  “Automatic  measurement  of  in-plane  translation  by  specjcle  correlation  using  a  linear 
image  sensor,”  Journal  of  Physices,  E:  Scientific  Instruments,  Vol.9,  pp.944-9  (1986). 

20.  M.A.  Hamed,  “Object-motion  measurements  using  pulse-echo  acoustical  speckle  and  two-dimensional 
correlation,"  Experimental  Mechanics,  Vol.27,  pp.250-4  (1987). 

21.  H.A.  Bruck,  S.R.  McNeiU,  M.A.  Sutton  and  W'.H.  Peters,  “  Digital  image  correlation  using  Newton- 
Raphson  method  of  partial  differential  correlation,"  JExperimental  Mechanics,  Vol.  29,  pp.  261-7  (1989). 

22.  C.  Lee,  Y.J.  Chao,  M.A.  Sutton,  W.H.  Peters  and  W.F.  Rason,  “Determination  of  plastic  strains  at 
notches  by  image-processing  methods,"  Experimental  Mechanics,  Vol.29,  pp. 214-20  (1989). 

23.  D.J.Chen  and  F.P.Chismg,  “Optimal  sampling  resolution  and  range  of  measurement  in  digital  speckle 
correlation:  Patt  I.  Laser  speckle  method,"  Proceedings  of  SEM  Spring  Conference  on  Experimental  Me¬ 
chanics,  Cambridge,  MA,  pp.  133-8  (1989). 

24.  Z.L.  Kahn-Jetter  and  T.C.  Chu,  “Three  dimensional  displacement  measurements  using  digital  image 
correlation  and  photogrammic  analysis,”  Experimental  Mechanics,  Vol.30,  pp.10-16  (1990). 

25.  D.J.Chen  and  F.P.Chiang,  “Optimal  sampling  and  range  of  measurement  in  displacement-only  laser 
speckle  correlation,”  to  appear  in  Experimental  Mechanics. 

26.  D.J.  Chen  and  F.P.  Chiang,  “Computer  speckle  interferometry,"  Proc.  of  Int.  Conf.  on  Hologram 
Interferometry  and  Speckle  Metrology,  pp. 49-58  (1990). 


I 

I 

I 

I 

1 

I 

I 


I 

t 

I 

I 

I 

I 

i 


i 

I 

I 

I 

I 


I 

I 

I 

t 

1 

1 

I 

i 

t 

I 

1 

1 

I 

I 

I 

I 

I 

I 

i 
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Fig.l  Data  processing  procedures 
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Fig. 3  Typical  signal  hills  obtained  in  secondary  spectral  domain  when  local  dispUcrmenls 
are  (a)  zero  and  (bj  nonzero  (central  16  x  16  pixels  plotted  only) 
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Fig. 4  Subpixel  maximum  detection  near  a  signal  hill 
(highlighted  region  used  in  biparabolic  Htting) 


I 

I 

I 

I 

I 

t 

I 

t 

I 

1 

I 

f 

I 

1 

I 

I 

I 


(a)  zero  load,  (b)  load  level  I,  and  (c)  load  level  II 
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ABSTRACT 

Measurable  area,  accuracy,  and  range?  of  displacement,  strain  and  rotation  of  the  CASI  are  estimated. 
The  measurable  area  for  a  given  video  camera  is  proportional  to  the  area  of  each  individual  speckle.  The 
displacement  uncertainty  is  proportional  to  speckle  size.  The  measurable  displacement  ranges  from  a  few 
percent  of  speckle  size  to  several  centimeters.  Strain  and  rotation  up  to  3  ^  5%  can  be  detected.  Experimental 
results  from  CASI  on  crack  opening  displacement  (COD)  and  normal  strain  distribution  ahead  of  a  crack  tip 
of  an  aluminum  specimen  tmder  mode  I  loading  are  presented. 

1  Introduction 

In  the  past  two  years,  two  approaches  of  computer-aided  speckle  interferometry  (CASI)  were  developed.*'* 
The  fully  automated  processes,  including  speckle  registration  and  information  extraction,  provide  a  whole 
field  survey  of  a  2-D  displacement  in  a  pointwise  fashion.  The  systems  constitute  simple  and  reliable  optical 
as  well  as  electrical  setup.  The  methods  retain  all  nondestructive  features  of  conventional  optical  speckle 
interferometry  and  provide  extended  range. 

In  this  work,  we  analyze  the  range  of  CASI.  Although  ranges  of  the  two  approaches  are  comparable,  we 
concentrate  our  discussion  on  the  second  approach.*  The  system  used  is  shown  in  Fig. I. 

2  Measurable  Area  and  Accuracy 

Unlike  the  conventional  speckle  photography  in  which  the  frame  resolution  of  the  recording  film  is  usually 
abimdant,  the  digital  resolution  of  a  video  camera  is  rather  limited.  It  is  true  that  the  finer  the  resolution, 
the  less  the  distortion  resulting  from  a  sampling  process,  but  it  reduces  the  actual  area  that  can  be  measured 
with  a  given  capacity  of  the  camera.  Therefore,  there  is  a  trade-off  between  the  reliability  and  capability  of 
the  measurement. 

In  the  ewlier  work  of  Chen  and  Chiang,*  an  optimal  sampling  resolution  of  speckles  was  estimated  with 
experimental  verification.  By  that  resolution,  the  relation  between  the  sampling  interval  of  the  sensor  array 
(T)  and  the  subjective  speckle  size  at  the  image  plane  (5)  is 

r^O.45.  (1) 
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For  the  convenience  of  further  an&lysis,  we  convert  this  sampling  rate  into  an  expression  on  specimen,  i.e., 

To  «  0.45o,  (2) 

where  To  (=  T/M)  is  the  equivalent  sampling  interval  and  So  (=  S/M)  is  the  equivalent  speckle  size  on 
specimen,  and  M  the  image  xnagtuflcation  factor.  It  should  be  noted  that  So  i*  approximately  the  objective 
speckle  size  when  white  light  speckles  are  used. 

The  accuracy  of  the  displacement  components  from  direct  detection  of  signal  hill  in  the  discrete  spectral 
donudn  is  limited  by  the  pixel  size  of  the  sensor  array.^  For  more  accurate  determination,  a  subpixel  maximiim 
searching  for  displacement  components  is  required.  This  was  done  by  a  biparabolic  fitting  near  the  signal  hill.’ 
To  our  experiences,  at  the  optimal  sampling  rate  the  uncertainty  from  the  subpixel  detection  varies  from  1% 
to  5%  of  the  speckle  size,  depending  on  the  degree  of  decorrelation  between  the  two  speckle  patterns.  Thus 
the  unsolvabie  displacement  on  a  specimen  is 

So  =  QMSo  ~  0.055<,.  (3) 

Equation  (3)  indicates  that  the  unsolvabie  displacement  is  proportional  to  the  speckle  size  (see  Fig.  2).  Thus, 
for  accurate  measurement  small  speckles  are  preferred. 

From  Eq.(l)  and  (2),  we  see  that  the  image  magnification  must  be  selected  consistently  with  the  sampling 
interval  of  the  sensor  and  speckle  size  on  the  object,  i.e., 

M  =  2.5T/S,.  (4) 

This  relation  implies  that  the  measurable  su'ea  on  a  spscimen  is  limited  with  a  given  video  camera.  For 
instance,  with  a  camera  resolution  of  512  x  512  pixels  the  maximum  measurable  area  on  the  specimen  is 

Ao  =  (512T,)’  ss  420005’.  (5) 

For  speckles  from  0  to  100^,  the  dependence  of  the  area  on  speckle  size  is  shown  in  Fig.  2.  It  is  seen  that  the 
measurable  area  is  proportional  to  the  area  of  each  individual  speckle  on  the  object.  Obviously,  to  measure 
large  area,  large  speckles  should  be  used.  However,  as  shown  above,  larger  speckles  will  also  result  in  lower 
accuracy.  In  practice,  speckle  size  must  be  selected  judicially  by  considering  both  effects. 

3  Extended  Range  of  Displacement 

Local  displacement  of  a  specimen  always  brings  about  decrement  of  the  correlated  area  in  a  subregion  between 
two  speckle  patterns  (Fig.3).  We  consider  a  general  two-dimensional  displacement  case  in  Fig.  3.  When  both 
u  and  V  approach  I«/2,  where  is  the  subimage  size,  the  correlated  area  in  the  subimage  drops  to  one- 
quarter  of  the  total  subregion.  More  critically,  when  either  u  or  v  is  larger  than  I,/2,  the  signal  hill  will  move 
out  of  the  32  x  32  pixel  region  m  the  secondary  spectral  domain  and  aliasing  will  arise.  ’'**  Thus,  it  seems 
that  the  measurable  2-D  displacement  on  the  specimen  is  limited  by 


Mar(|u|,  |uj)  <  L,/(2M)  =  ICT/M  ss  6.45o. 


(6) 


However,  in  practice  this  displacement  limit  may  be  easily  lifted  by  using  an  image'shifting  technique. 
When  there  is  a  large  figid  body  displacement,  an  intentional  rigid  shift  towards  each  other  of  the  two  speckle 
patterns  can  be  introduced  before  the  image  segmentation.  The  real  displacement  vector  at  each  subregion 
can  be  obtained  by  subtracting  the  shifted  distance  vector  from  the  searched  displacement  vector.  Thus, 
the  measurable  displacement  is  uniimited  as  long  as  the  two  speckle  patterns  remain  well  correlated.  Our 
observations  show  that  specimen  displacement  up  to  20  ~  40  mm  in  white  speckle  method,  and  2  ~  4  mm  in 
laser  speckle  method  can  be  measured  successfrtUy  without  dramatic  decorrelation  between  the  two  speckle 
patterns. 


4  Range  of  Strain  and  Rotation 

Other  decorrelation  factors  may  arise  from  in-plane  strain  and  rotation  of  a  specimen  (Fig.4).  Let’s  first 
consider  the  effect  of  the  local  normal  strains,  and  Cyy,  in  Fig.4a.  In  a  special  case,  when  the  two  normal 
strains  are  equal,  the  relation  between  the  reference  and  deformed  subimages  is  equivalent  to  a  magnification 
mismatch  between  the  two  speckle  patterns.  Using  numerically  simulated  images,  Bailey  et  al  have  analyzed 
the  effects  of  magnification  mismatch  on  cross- correlation  performance.*  In  CASI,  the  equivalent  effects  will  be 
the  shortening  and  flattening  of  the  signal  hill  in  the  secondary  spectral  domain.’  Obviously,  the  wider  is  the 
signal  hill  and  the  smaller  is  it’s  peak  value,  the  lower  are  the  reliability  and  the  accuracy  of  the  measurement. 
Therefore,  there  is  a  limited  range  of  the  measurable  normal  strain.  Bailey  et  al  have  suggested  a  rule  of 
thumb  of  magnification  mismatch  using  simulated  images.*  Applying  that  suggested  rule  to  speckle  images 
and  noticing  the  equivalent  magnification  mismatch  resulting  from  the  normal  strains,  the  following  limit  is 
found, 

NM  <  1.  (T) 

where  N,  (=32)  is  the  array  size  of  the  subimage  and  «  =  e*,  =  (yy.  From  Eq.  (7)  it  is  seen  that’  the 
relative  displacement  of  a  border  pixel  to  the  center  of  the  subimage  should  not  exceed  one-half  pixel  width. 
Recall  that  the  speckle  size  is  two-and-half  pixel  at  the  optimal  sampling  rate,  it  implies  that  the  relative 
displacement  of  the  border  elements  cannot  exceed  one-fifth  of  the  typical  speckle  size.  In  general,  the  two 
normal  strains  are  rarely  equal.  A  more  conservative  rule  of  thumb  for  general  normal  strains  may  be  selected 
as, 

Ma*(le„|,|<wl)<  l/iV*.  (8) 

Recall  that  the  subimage  size  is  32  x  32,  then  the  limit  of  the  normal  strains  becomes, 

Mar(|<,.|,|«^|)<3.1%.  (9) 

At  this  limit,  there  are  nine  (3  x  3)  on-pixel  positions  for  which  there  is  pturtial  overlap  between  the  two 
original  32  x  32  speckle  subregions.  And  the  peak  value  of  the  signals  drops  to  0.53  of  that  obtained  at  zero 
strain.* 

In  the  case  of  in-plane  shear  strain  (<*y)  or  rotation  (w*y)  ,  the  effect  on  the  correlation  function  is  similar 
to  that  of  the  normal  strains  (Fig. 4b  emd  4c).  They  also  spread  the  correlation  hill  and  decrease  its  peak 
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value.  By  comparing  the  correlation  errors  resulting  from  the  shear  strain  or  rotation  with  that  from  normal 
strains,  a  similar  limit  can  be  found  as 

Maj:(|f,y|,|u»,j,|)  <  IjN,.  (10) 

For  general  2-D  deformation,  a  limit  can  be  obtained  by  combining  Eq.(9)  with  (10),  i.e., 

Maz(|ex2i>  Uyyit  l^zyli  l^zyl)  ^  3.1%.  (H) 

In  reality,  many  other  decorrelation  factors  between  the  two  speckle  subregions  may  occur.  For  instance, 
the  deformation  of  speckle  pattern  may  not  follow  exactly  the  same  deformation  of  the  specimen.  Other 
decorrelation  factors  may  arise  from  temporal  and  spatial  variations  of  the  illumination,  electrical  noise  of 
data  acquisition  system,  and  digitizing  error  in  the  image  sampling  and  quantization,  etc.  However,  all  these 
decorrelation  factors  are  quite  small  in  small  deformation  range.  The  major  decorrelation  inside  a  subimage 
is  a  result  of  local  displacement,  strain  and  rotation.  Indeed,  using  white  light  speckles  we  have  achieved 
successful  inspection  of  strains  as  large  as  5  %.  While  using  laser  speckles,  strains  up  to  2  %  has  been 
measured.  The  small  range  of  laser  speckle  method  may  be  explained  by  the  quick  decorrelation  of  the  laser 
speckles. 

5  Experiment 

An  aluminum  specimen  with  a  single  edge  crack  was  tested  under  tensile  loading.  White  light  was  used  in 
illumination.  An  area  of  about  20  x  20  mm^  around  the  crack  tip  was  inspected.  The  load  was  applied  in 
three  steps.  Four  speckle  patterns,  before  and  after  each  load  level,  were  registered  by  the  frame  grabber 
(Fig.5).  Rigid  body  displacement  between  each  pair  of  successive  speckle  patterns  was  as  large  as  several 
milimeters.  Such  large  displacement  was  first  estimated  by  displaying  each  speckle  pattern  on  a  monitor  and 
tracing  a  particular  speckle  at  the  central  region  of  the  pattern  by  a  cursor,  and  was  then  eliminated  by 
introducing  an  intentional  rigid  shift  towards  each  other  of  the  two  speckle  patterns.  Although  displacement 
distribution  at  each  deformation  level  could  be  obtained  at  240  (15  x  16)  points  in  the  whole  field,  we  merely 
made  use  of  two  rows  of  data  points  in  this  work,  one  above  and  one  below  the  crack.  The  separation  of  the 
two  rows,  which  is  referred  to  as  gage  length  in  Fig.6  ~  9,  is  2.5  mm  on  specimen.  Taking  the  difference 
(Av)  between  the  v- displacement  components  of  the  the  two  rows,  crack  opening  displacement  (COD)  was 
obtained.  Fig.5  shows  COD  distributions  behind  crack  tip  (at  x  >  13.13  mm)  at  load  level  I  and  0.  It  is  seen 
that  Av  does  not  vanish  even  before  crack  tip  (at  *  <  13.13  mm  ),  although  it  is  quite  snudl.  This  nonzero 
distribution  results  from  the  large  normal  strain  Cyy  ahead  of  the  tip.  In  fact,  normal  strain  (syvlyso)  ahead 
of  crack  tip  c*m  be  simply  obtained  from  the  the  ratio  between  Av  and  the  gage  length.  Fig.7  shows  the  so 
obtsdned  results  at  load  level  I  and  E,  from  which  one  can  clearly  observe  the  singidar  strsdn  distributions. 
For  the  propagating  crack  at  load  level  IE,  the  COD  and  €^1^=0  were  similarly  obtained,  and  are  shown  in 
Fig.8  and  Fig.9,  respectively.  FVom  the  Av  distribution  m  Fig.8  one  may  also  easily  view  the  length  of  crack 
advance.  Unusually,  there  is  some  strong  fluctuation  in  the  €yy|y=;o  distribution.  This  is  because  the  crack  had 
propagated  at  about  20°  below  the  horizontal  axis  (see  Fig.5),  and  the  new  crack  tip  extended  out  of  the  range 
of  the  2.5  mm  gage.  Consequently,  a  compensatory  measurement  was  made  by  using  the  t  -  displacement 
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difference  between  two  other  data  rows  with  a  longer  gage  length  of  5  mm  (Fig.9).  It  is  seen  from  Fig.9  that 
the  new  estimated  eyy|y=o  ciuve  has  a  more  reasonable  singular  distribution  than  that  from  the  2.5  mm  gage. 
It  should  be  noted  that  such  a  distribution  may  under  estimate  the  (yylyso  at  the  near-tip  region  since  it  is 
an  average  survey  over  the  5  mm  gage.  The  results  in  Fig.(7)  and  (9)  also  show  that  plastic  strsuns  as  large 
as  5  ~  8%  are  effectively  monitored. 

6  Conclusion 

Measurable  area,  accuracy,  and  ranges  of  displacement,  strain  and  rotation  by  CASI  are  analyzed.  An  optimal 
sampling  rate  was  used  in  speckle  digitalization.  Unsolvable  displacement  vsuies  from  1%  to  5%  of  equivalent 
speckle  size  on  specimen,  depending  on  degree  of  decorrelation  between  the  two  corresponding  speckle  patterns. 
Measurable  suea  is  proportional  to  the  area  of  each  individual  speckle  on  object.  At  subimage  size  of  32  x  32 
pixels,  a  theoretical  upper  limit  of  3.1%  was  found  for  in-plane  strains  and  rotation.  Using  white  light  speckles, 
displacement  up  to  20  ^  40  mm,  and  strain  and  rotation  up  to  5%  can  be  determined.  While  by  laser  speckles, 
displacement  up  to  2  4  mm,  and  strain  emd  rotation  up  to  2%  may  be  examined. 
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Fig.  3  Decrement  of  correlated  area  in  a  snbimgo  resulted  from 
local  displacement  (  ^  correlated  area  in  reference  speclcle  pattern, 
^  correlated  area  in  deformed  speckle  pattern) 


Fig.  4-  Ia-]>Iane  strains  and  rotation;  (a)  normal  strains;  (b)  shear  strain;  (c)  rotation. 
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j  ABSTRACT 

j  Speckle  patterns  from  a  metallic  surface  vary  as  a  function  of  plastic  deformation  the 
: material  experiences  and  hence  may  be  used  to  delect  the  plastic  zone  size.  The  speckle 
'patterns  are  recorded  and  compared  using  cross  .correlation  analysis  Irased  on  an  image 
^processing  system.  This  technique,  which  has  the  merits  of  being  non-contact,  remote 
sensing,  and  high  sensitivity,  is  applied  to  measuring  the  size  of  plastic  zone  around  a 
Ihole  in  an  aluminum  plate  with  finite  width.  A  comparison  with  theoretical  and  Unite 
j  element  results  is  presented. 


INTRODUCTION 

I 

• 

jThe  size  and  shape  of  plastic  zone  is  of  importance  to  the  understanding  of  iluctile 
.fracture  of  metals.  Most  plastic  zones  are  calculated  numerically.  Experimental  de- 
! termination  usually  requires  quantitative  value.5  of  plastic  strains  -  a  time  consuming 
!process.  A  non-contact,  remote  sensing  technique  for  measuring  plastic  zone  size  is  pre- 
;sented  based  on  plasticity  induced  surface  roughness  and  speckle  pattern  dcconclation. 

i 

i 

j  The  surface  roughness  of  a  metallic  material  changes  with  increase  in  surfatc  strain 
![1).  As  a  result,  the  speckle  pattern  from  the  material  surface  changes  rorre<;pomlingly. 
iThis  phenomenon  suggests  methods  to  relate  plastic  strain  quantitati\cly  with  (he  vari¬ 
ation  in  speckle  pattern.  Some  techniques  based  on  this  j)rincipie  have  been  d^vcloj)cd 
.(2,3).  Yet,  the  sensitivity  and  reliability  of  these  techniques  need  improvement. 

I  The  present  iion-contact,  remote  method  for  determining  plastic  zone  is  based  on 
an  image  processing  system.  A  cross  correlation  technique  is  emi)lo.\ed  t((  analyze  the 
digitized  speckle  patterns.  In  particular  the  technique  is  applied  to  the  drierminal ion 
of  the  plastic  zone  around  a  central  hole  in  a  plate  with  finite  width.  'I'he  experimental 
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i  result  is  in  good  agreement  with  that  by  finite  elemeni  analysis. 
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!  SPECKLE  PATTERN  CORRELATION 

I 

!  . 

I  The  proposed  technique  makes  use  of  a  set-up  as  schematically  shown  in  Fig.l.  The 
jpoint  of  interest  on  a  test  object  was  illuminated  with  a  20iii»('  IIc-Nc  laser.  To  increase 
the  lateral  resolution  of  the  technique,  the  diameter  of  tlic  laser  beam  was,  reduced 
I  through  a  system  consisting  of  a  spatial  filter,  an  aperture,  a  collimating  lens  and  a 
j  converging  lens.  A  piece  of  ground  glass  was  placed  at  a  distance  of  0.8m  from  the  test 
|Objec.t.  A  digital  camera  was  connected  to  a  monitor  and  supported  by  a  computer 
: which  provided  correlation  analysis  capabilities. 
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Figure  1  Schematic  illustration  of  the  experimental  set-up 


1’  Cross  correlation  [3j  is  used  to  characterize  the  digitized  speckle  patleni?  such  as 
those  shov'n  in  Fig. 2.  For  two  speckle  patterns  described  by  i'lul  /(', j),  the 

normalized  zero  shift  cross  correlation  C\{g,J),  which  is  a  measure  of  the  resemblance 
between  the  two  functions,  is  defined  as 


C.(5,/)  = 


ZiL ,  r"  itf('.;)x /('.;) 

'z;Lz'';'-.,a’u.])^z'^i,zf,',r{'.j) 


’! where  M,N  are  the  dimensions  of  g{i,j)  and  respectively.  The  cross  correlation 

j  coefficient  of  two  speckle  patterns,  one  from  elastic  zone  and  the  other  from  plastic  zone, 

;is  smaller  than  that  all  from  elastic  zone  and  hence  may  be  used  to  detect  plastic  zone. 

! 


slic.ir  slrnin 


Figure  2  Speckle  patterns  from  elastic  and  plastic  zones 


EXPERIMENTAL  RESULT 

An  aluminum  plate  of  Z.2mm  thick  with  a  central  hole  was  used  in  the  experiment.  The 
geometry  of  the  specimen  is  shown  in  Fig.l  where  the  width  of  the  specimen  is  TOunn 
^and  the  radius  of  the  hole  is  G.'liinn.  One  side  of  the  specimen  snrfme  was  polished 
until  a  RMS  roughness  value  of  approximately  0.05/n)i  was  obtained.  The  specimen  was 
loaded  axially  at  (r  =  0.7G5cro)  where  a  is  the  remote  normal  stress  along  the  loading 
direction,  and  Oo  is  the  yield  sf  ’nglh  of  the  material.  The  specimen  was  then  mounted 
on  a  stage  which  is  capable  of  translating  the  specimen  in  two  directions  in  U.DOGmm 
increments.  Speckle  patterns  at  different  points  on  the  specimen  surface  was  digitized 
and  processed  to  yield  cross  correlation  coefficient. 

i 

i  Figure  3  shows  the  plastic  zone  determined  using  the  method  describeil  above.  The 
solid  line  represents  a  computed  effective  strain  of  0.01%  by  a  fiiiile  cleinciil  analysis. 
'As  can  be  seen  both  the  experimental  and  computed  results  agree  reasonably  well.  The 
theoretical  solution  for  plastic  zone  around  a  circular  hole  in  an  inlinile  Hal  plate  is  also 
included  (broken  line).  As  can  be  seen  that  it  underestimated  the  size  of  plastic  zone. 

j 

i  It  has  been  demonstrated  that  speckle  pattern  cross  correlation  leilmiiiue  can  be 
applied  to  the  detection  of  the  incipience  of  plast  icily  with  a  sen  sit  i\  ily  of  0.01  %.  With 
further  automation,  the  technique  has  the  potential  of  being  de\eloped  into  a  i)raclical 
tool  which  may  be  applied  to  determining  plastic  zone  at  crack  lip. 
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Figure  3  Plastic  zone  around  a  hole  in  a  finite  width  plate  {<t  ~  O.TCScto) 
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Damage  Monitoring  of  Metal  Materials  by 
Laser  Speckle  Assisted  by  Image 
Processing  Technique* 

(Basic  Experiment) 


Akira  Kato**,  Yu-Zhong  Dai***  and  Fu-Pen  Chiang*** 


This  paper  presents  a  method  to  detect  damage  of  metals  with  no  contact  using 
a  laser  speckle  technique.  This  method  is  based  on  observations  of  the  change  of  the 
laser  speckle  pattern  depending  on  the  surface  roughness  and  texture  change  of  the 
material  caused  by  slip  bands  due  to  plastic  deformation.  The  laser  speckle  pattern 
was  analyied  automatically  and  quantitatively  using  an  image  processing  system  in 
this  experiment.  A  new  parameter,  c*.  was  derived  to  statistically  express  the  features 
of  the  speckle  pattern.  It  was  found  that  this  parameter  can  express  the  features  of  the 
speckle  pattern  accurately  and  has  excellent  reproducibility.  Also,  it  allows  an  accu¬ 
rate  measurement  of  plastic  strain.  The  experiment  was  carried  out  for  cases  of  both 
static  tensile  and  fatigue  loading  using  aluminum  alloy  as  the  material. 


Key  IForda :  Nondestructive  Inspection.  Laser  Speckle  Method.  Image  Processing, 
Plas'*'*  reformation.  Fatigue 


1.  Introduction 

Both  static  plastic  deformation  and  fatigue  dam¬ 
age  of  metal  materials  are  accompanied  with  plastic 
strain,  producing  slip  bands  on  the  material  surface. 
Therefore,  the  surface  roughness  and  surface  profile 
change  with  the  progress  of  plastic  deformation  or 
fatigue  damage.  The  laser  speckle  pattern  changes 
with  the  change  of  surface  roughness  and  profile.  If 
the  relationship  between  the  laser  speckle  pattern  and 
the  amount  of  plastic  deformation  or  fatigue  damage 
is  knowm  in  advance,  we  can  estimate  the  damage  of 
meta!  materials  based  on  the  speckle  pattern. 

Measurement  of  plastic  deformation  by  the  laser 
or  white-light  speckle  technique  has  been  reported  by 
several  researchers“''“'.  Those  papers  investigated 
the  method  to  estimate  plastic  strain  based  on  the 
speckle  pattern  change  depending  on  the  surface  tex¬ 
ture  change  induced  by  slip  bands  Howe\er,  the  data 
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obtained  in  those  experiments  scatter  slightly,  and  the 
results  are  not  sufficiently  reliable.  It  is  essential  in 
this  kind  of  experiment  to  analyze  the  laser  speckle 
pattern  quantitatively  and  to  find  a  parameter  that 
can  express  the  features  of  speckle  pattern  change 
accurately.  In  this  investigation,  an  image  processing 
system  was  employed  to  analyze  the  laser  speckle 
pattern  automatically  and  quantitatively  As  the  dis¬ 
tribution  of  the  light  intensity  of  the  laser  speckle 
varies  drastically,  we  considered  a  new  statistical 
parameter  to  express  the  features  of  the  laser  speckle 
pattern.  The  reproducibility  of  this  parameter  was 
examined  and  the  accuracy  of  the  measurement  was 
investigated. 

In  the  earlier  stage  of  fatigue,  slip  bands  generate 
on  the  metal  surface,  microscopic  shear  strain  is 
stored  in  the  slip  bands  and  the  slip  bands  become 
dense.  The  surface  texture  changes  and  surface  rough¬ 
ness  becomes  marked  with  the  progress  of  fatigue 
damage'*'-"'  If  we  use  the  laser  speckle  techniq-je. 
there  is  a  possibility  of  detecting  the  fatigue  damage 
of  metals  in  the  early  stage  of  fatigue  before  initiation 
of  cracks  In  this  study,  we  observed  the  change  of  the 
speckle  patern  during  fatigue  cycles  under  operation 
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estimated  by  expression  (76) .  The  calculated  results 
shown  in  the  figures  quantitatively  inform  us  of  the 
dependency  of  each  parameter.  Expression^6)  is  of 
closed  form  ;  thus,  the  calculation  is  very  easy.  Conse¬ 
quently,  the  simple  expression  may  be  practical  to 
develop  the  Ctmacterization  process  of  flawis. 

It  should  be^itentioned  here  that  the  characteris¬ 
tic  factors  affecting  the  backscattering  wave  informa¬ 
tion  should  be  carefully  checked  and  chosen.  Inversely 
determined  characteristic  Tqatures  of  flaws  from 
measured  backscatter  intensitySa^a  should  be  verified 
according  to  comparison  with  the  retil.,features  before 
a  decision  process  is  offered  in  service.  INs  necessary 
to  determine  if  other  factors  exist,  and  nbw  these 
factors  affect  the  backscattei  intensity. 
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of  a  testing  machine  apd  the  possibility  of  fatigue 
monitoring  by  the  laser  speckle  technique  was  inves¬ 
tigated. 

2.  Experimental  Procedure 

2. 1  Experimental  system 

The  material  used  in  this  experiment  is  6061 
aluminum  alloy.  The  initial  roughness  and  directional 
feature  of  the  specimen  surface  has  a  large  influence 
on  the  speckle  pattern.  If  the  surface  texture  is  direc¬ 
tional,  the  speckle  pattern  is  directional  and  not 
axisymmetrical.  Also,  if  the  initial  surface  roughness 
is  large,  speckle  pattern  change  is  small  in  the  range 
of  small  plastic  strain.  Therefore,  if  it  is  required  to 
detect  a  small  change  of  speckle  pattern,  the  specimen 
surface  should  initially  be  smooth  and  nondirectional. 
In  this  experiment,  the  specimens  were  polished  finally 
with  aluminum  dioxide  powder  in  random  directions 
so  that  the  surface  texture  became  macroscopically 
isotropic  and  uniform.  The  initial  surface  roughness 
was  about  0.1  (im  Ra  for  every  specimen. 

Figure  1  shows  the  layout  of  the  experimental 
system.  He-Ne  laser  was  illuminated  on  the  specimen 
surface  and  the  laser  speckle  pattern  was  formed  on 
the  ground  glass  placed  in  front  of  the  specimen.  The 
diameter  of  the  laser  beam  was  about  1  mm.  The 
image  of  the  speckle  pattern  was  input  into  the  image 
processing  system  (Hamamatsu  CIOOO)  through  a  TV 
camera  and  then  A/D  converted.  Resolution  of  the 
image  memory  was  256  x  256  and  the  gray  scale  of  one 
pixel  was  256.  The  brightness  of  the  laser  speckle  was 


fig  1  Configuration  of  experimental  system 


expressed  by  a  numerical  value  from  0  to  255  in  the 
image  memory.  The  digital  image  data  were  transfer¬ 
red  to  the, main  memory  of  a  minicomputer  (VAX  11/ 
730),  and  then  stored  in  its  magnetic  tape.  Software  to 
analyze  the  speckle  image  was  developed  on  the 
minicomputer. 

2. 2  Data  analysis 

Figure  2  shows  examples  of  the  gray  level  distri¬ 
bution  of  the  speckle  patterns  obtained  from  the 
image  processing  system  for  different  magnitudes  of 
plastic  strain  caused  by  uniform  tension.  These  figures 
show  that  the  speckle  pattern  changes  clearly  with  the 
magnitude  of  plastic  strain.  The  peak  gray  level  at  the 
center  of  the  speckle  image  decreases  and  the  gray 
level  distribution  spreads  out  with  the  increase  of 
plastic  strain. 

Figure  3  shows  the  relationship  between  the  ratio 
of  MmnIMmtx  and  plastic  strain.  Here,  A/mm  and  Mm»x 
are  the  minimum  and  maximum  values,  respectively, 
among  second-order  moments  of  inertia  of  the  gray 
level  distribution  around  the  four  different  axes  shown 
in  the  chart  of  Fig,  3.  If  the  ratio  Afmm/Afm.x  is  close  to 
1,  it  means  that  the  second-order  moments  of  inertia 
around  the  four  axes  take  almost  the  same  value ; 
that  is,  the  gray  level  distribution  of  the  speckle 
pattern  is  round  and  axisymmetrical.  From  the  figure, 
this  ratio  is  smaller  than  1  when  plastic  strain  is  small, 
but  it  approaches  1  with  the  increase  of  plastic  strain. 
This  means  that  the  gray  level  distribution  is  slightly 
directional  initially,  but  it  becomes  nondirectional  and 
axisymmetrical  around  the  centroid  of  the  gray  level 
distribution  when  plastic  deformation  becomes  large. 
Hence  we  considered  the  following  parameter  to 
express  the  spread  of  the  gray  level  distribution 
around  the  centroid  of  the  distribution. 

First,  the  image  of  the  speckle  pattern  was 
smoothed  to  reduce  the  noise.  We  used  a  moving 
averaging  method  of  3  x  3  pixels  for  smoothing.  Then 
the  centroid,  Ofjo,  5/0).  of  the  gray  level  distribution 
was  obtained  (Fig.  4(a)),  and  the  average  gray  level, 
g{r),  of  pixels  on  a  circle  c  with  the  center  0  and  the 
radius  of  r  was  obtained  (Fig. 4(b)).  The  average 
gray  level  gir)  is  expressed  by  the  following  expres¬ 
sion, 

Ss(j,  y) 

S(r)=-^— - .  (1) 

where  g(x,  y)  is  the  gray  level  at  a  point  (x,  y)  on 
circle  c  of  the  speckle  image.  Then  2y(x,  y)  is  the 

summation  of  the  gray  level  of  pixels  on  circle  c  and 
wc  is  the  number  of  pixels  on  the  same  circle.  Also, 

r  =  x'(x-xo)^-+-(y-yo)^ . 

Consequently,  the  function  g(y)  expresses  the  gray 
level  distribution  in  the  radial  direction  around  the 
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(3)  Initial  {cp-Wo) 


(b)  £,  =  1.55% 


Fig,  3  Relationship  between  and  plastic 

strain 
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(d)  £,=5.20% 
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(e)  £,=6.60% 

Speckle  pattern  for  different  plastic  strains 


( a  )  Gray  level  distribution 


( b )  Image  plai  e 

Fig  4  Procedure  for  obtaining  ff(r) 
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centroid  0  (Fig.5(  a  ))* 

Then  g(r)  was  normalized  to  reduce  the  error 
induced  by  the  difference  of  speckle  brightness.  We 
used  the  following  linear  mapping  function  for  nor¬ 
malization  : 

g'{r)—  255(g(r)-gmin)  ^  2 ) 

This  function  makes  the  maximum  gray  level  in  g(r), 
9a»ji,  to  be  255  and  the  minimum  value,  pmm,  to  be  0. 
The  normalized  gray  level  distribution  is  shown  in 
Fig. 5(b).  Figure  6  shows  the  difference  in  the  nor¬ 
malized  gray  level  distribution  depending  on  the  plas¬ 
tic  strain.  The  gray  level  distribution,  g'(r),  is  found 
to  spread  with  the  increase  of  plastic  strain.  Hence, 
we  considered  the  following  parameter  that  can 
express  the  feature  of  the  gray  level  distribution ; 


(a)  g(r) 


(b)  ff'(y)(Nonnalized) 
Fig.  5  Normalization  of  g(r) 


Fig  6  Difference  m  gray  level  distribution  p'Cr) 


2/(r)r* 

c,=-^r - .  (3) 

2/(r) 

r»0 

where  Nr  is  the  limit  of  r,  which  was  taken  as  110  in 
this  analysis. 

Next,  we  examined  the  influence  of  brightness  of 
the  laser  speckle  on  the  c«  parameter.  Figure  7  shows 
the  relationship  between  c*  and  ^mix  when  the  speckle 
pattern  was  obtained  at  the  same  point  of  a  specimen 
with  different  brightness  of  the  laser  speckle.  The 
speckle  brightness  was  changed  by  two  methods.  One 
is  that  the  aperture  of  the  lens  of  the  TV  camera  was 
changed  under  a  constant  intensity  of  the  laser  light 
and  the  other  is  that  the  intensity  of  the  laser  light 
was  changed  with  an  ND  filter  under  a  constant 
aperture  of  the  lens.  This  figure  shows  that  the  c* 
parameter  is  almost  constant  in  the  wide  range  of  gmtx 
(from  20  to  160)  and  takes  almost  the  same  value  in 
both  cases.  This  means  that  the  c*  parameter  is  not 
significantly  influenced  by  the  brightness  of  the  laser 
speckle,  and  both  the  change  of  aperture  and  the 
change  of  light  intensity  have  almost  the  same  effect 
on  the  Ck  parameter. 

3.  Measurement  of  Plastic  Strain 

First  we  applied  this  method  to  the  measurement 
of  plastic  strain.  Here  the  aluminum  specimens  were 
loaded  by  uniaxial  tension.  Plastic  strain  was  mea¬ 
sured  by  the  moir6  method.  Figure  8  shows  the  rela¬ 
tionship  between  the  surface  roughness  (Ra)  and.the 
magnitude  of  plastic  strain.  It  is  found  that  the  surface 
roughness  increases  with  the  increase  of  plastic  strain. 
Figure  9  shows  the  relationship  between  the  ct,  param¬ 
eter  of  the  laser  speckle  pattern  and  the  magnitude  of 
plastic  strain  ep.  The  experiment  was  conducted 
under  four  different  testing  conditions  of  speckle 
brightness.  The  first  one  was  that  the  aperture  of  the 
TV  camera  was  constant  but  the  light  intensity  of  the 
laser  light  was  adjusted  with  an  ND  filter  so  that  the 
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average  gray  level  of  the  speckle  image  became 
approximately  constant.  The  others  were  that  the 
aperture  of  the  lens  of  the  TV  camera  was  fixed  at 
three  different  values,  i.  e.,  //32,  //16  and  //8,  under  a 
constant  light  intensity.  It  is  found  that  the  values  of 
Ck  obtained  under  different  conditions  of  speckle 
brightness  coincide  very  well  and  the  c*  parameter  is 
not  influenced  by  speckle  brightness  in  all  cases  of 
plastic  strain.  The  parameter  c*  increases  with  £p  and 
has  a  tendency  similar  to  the  surface  roughness  shown 
in  Fig.  8. 

Figure  10  shows  the  relationship  between  c*  and 
£p  obtained  from  two  specimens  under  the  same 
experimental  condition.  In  the  figure,  the  data  of 
specimen  A  are  the  averages  of  values  shown  in  Fig. 
9.  The  values  of  c*  obtained  from  the  two  different 
specimens  coincide  very  well.  This  shows  that  the  c* 
parameter  has  a  very  good  reproducibility  and  that 
there  is  a  fixed  relationship  between  c*  and  plastic 
strain  cp.  Figure  10  shows  that  there  is  a  linear  rela¬ 
tionship  between  log(c*)  and  log(£p).  This  relation  can 
be  expressed  by  the  following  equation ; 

log(a)=a-f6  log(£p).  (4) 

Alternatively,,  it  can  be  expressed  by 


£p=c{cky.  (5) 

Here,  \og{c)=  - a/b  and  d=llb.  The  values  of  c  and 
d  were  obtained  by  the  least  squares  method ;  c=3.99 
xiO'*  and  d=0.7i.  Therefore,  we  can  estimate  the 
magnitude  of  plastic  strain  from  the  value  of  the  c* 
parameter  using  this  equation.  It  was  found  that  this 
parameter  c*  is  not  influenced  significantly  by  the 
brightness  of  the  laser  speckle  and  that  it  has  a  very 
good  reproducibility.  It  can  be  concluded  that  this 
parameter  will  allow  us  to  make  an  accurate  measure¬ 
ment  of  plastic  strain. 

4.  Fatigue'  Test 

In  the  fatigue  test,  we  used  the  notched  specimens 
shown  in  Fig.  11.  The  laser  light  was  illuminated  on 
the  edge  at  the  notch  root  of  the  specimen,  as  shown 
in  the  figure.  The  testing  machine  used  was  a  servo- 
hydraulic  fatigue  testing  machine  (Instron) .  The  spec¬ 
imens  were  subjected  to  uniaxial  tensile  fatigue  load. 
The  specimen  was  set  in  the  testing  machine  and  the 
laser  light  was  illuminated  on  the  specimen  surface, 
The  experimental  layout  is  almost  the  same  as  in  Fig. 
1  except  that  we  used  a  high-speed  camera  (SP2000, 
Kodak)  to  obtain  the  speckle  image  and  a  personal 
computer  (IBM  PS/2)  to  analyze  the  image  data.  The 
image  of  the  speckle  pattern  was  taken  using  the  high¬ 
speed  camera  during  fatigue  loading  without  stopping 
the  testing  machine  or  unloading  the  specimen.  This 
high-speed  camera  can  obtain  images  up  to  2  000 
frames/sec.  This  equipment  performs  A/D  conversion 
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of  the  image  signal  and  stores  the  digital  image  in  its 
memory  as  well  as  on  the  magnetic  tape.  The  resolu¬ 
tion  of  this  image  memory  is  238  x  192  and  the  gray 
scale  is  64.  As  the  frequency  of  the  cyclic  loading  was 
set  at  6  Hz,  which  was  not  so  high,  we  used  the  high¬ 
speed  camera  with  the  speed  of  200  frames/sec.  Dur¬ 
ing  the  fatigue  test,  an  image  of  the  laser  speckle 
pattern  was  taken  at  a  certain  interval  of  fatigue 
cycles.  The  image  data  of  the  speckle  pattern  were 
transferred  to  the  personal  computer,  and  the  same 
analysis  as  that  in  the  static  tensile  test  was  made. 

We  observed  the  speckle  pattern  change  with  the 
progress  of  fatigue  damage  under  several  kinds  of 
stress  amplitude.  We  used  specimens  with  a  notch 
radius  of  6.4  mm.  As  the  notch  radius  is  rather  large, 
the  stress  concentration  factor  due  to  the  notch  can  be 
considered  to  be  1.  The  conditions  of  fatigue  stress  at 
the  notch  root  were  as  follows :  the  mean  stress  was 
fixed  to  <7n=217MPa  and  the  stress  amplitude  was 
changed  as  eta  =  155, 167, 186,  205  and  217  MPa.  Figure 
12  shows  the  relationship  between  stress  amplitude 
and  fatigue  life,  Ny.  Figure  13  shows  the  relationship 
between  the  c*  parameter  of  the  laser  speckle  pattern 
and  N/Ny-  Here,  N  is  the  number  of  stress  cycles.  It  is 
normalized  by  fatigue  life.  Ny,  for  the  corresponding 
stress  amplitude  shown  in  Fig.  12.  The  value  of  c*  is 
very  small  compared  to  that  in  the  case  of  static 
plastic  deformation,  especially  when  Oa  is  small.  Also, 
the  change  of  the  c»  value  is  very  small  when  Oa  is 
smaller  than  186  MPa,  However,  the  c»  value  in¬ 
creases  monotonously  with  NINy.  The  c*  value  be¬ 
comes  'arge  with  the  increase  of  Oa,  and  the  change  of 
the  Ck  parameter  with  NINy  becomes  perceptible.  It  is 
found  that  the  c»  value  changes  markedly  during  the 
earlier  cycles  of  fatigue  and  is  saturated  for  larger  N. 

As  the  plastic  strain  induced  by  fatigue  loading  is 
very  small  compared  to  that  of  the  static  tensile  test, 
the  change  of  the  speckle  pattern  is  small  and  the  c* 
value  does  not  change  so  markedly  in  the  fatigue  test. 


Fig  12  Relationship  between  stress  amplitude  and 
fatigue  life 


However,  as  shown  in  Fig.  13,  the  c»  value  changes 
appreciably  with  the  increase  of  fatigue  cycle  when 
stress  amplitude  is  rather  large  and  it  may  be  conclud¬ 
ed  that  damage  detection  is  possible  in  the  early  stage 
of  fatigue  by  observing  the  change  of  the  c*  parame¬ 
ter. 

5.  Conclusions 

The  laser  speckle  technique  was  applied  to  the 
measurement  of  plastic  strain  and  the  detection  of 
fatigue  damage,  assisted  by  an  image  processing  sys¬ 
tem  in  this  study.  The  image  processing  system  was 
found  to  be  very  effective  in  analyzing  the  speckle 
pattern  quantitatively.  The  c*  parameter  which  we 
derived  in  this  study  expresses  the  features  of  the 
laser  speckle  pattern  numerically  and  has  a  very  good 
reproducibility.  The  relation  be'.ween  c.,  and  plastic 
strain  is  expressed  by  a  simple  equation  in  the  range 
of  plastic  strain  (£/><10%)  where  we  made  experi¬ 
ments.  Then,  plastic  strain  can  be  estimated  easily 
using  this  equation.  It  is  concluded  that  the  magnitude 
of  plastic  strain  can  be  estimated  accurately  by  the 
laser  speckle  technique. 

The  speckle  pattern  did  not  change  so  dramati¬ 
cally  with  fatigue  loading,  and  the  change  of  the  c» 
parameter  was  very  small.  Also,  the  fluctuation  of  the 
Ch  parameter  was  not  as  distinctive  as  that  of  static 
tensile  test.  Therefore,  detection  of  fatigue  damage 
will  not  be  as  accurate.  However,  the  c*  parameter 
changed  appreciably  when  the  stress  amplitude  was 
rather  large.  It  can  be  concluded  that  there  is  a 
possibility  of  detecting  fatigue  damage  by  this 
method. 


Fig  13  Relationship  bet\\  een  . .  and  .V  .\ ,  under  different 
stress  amplitudes 
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Abstract 

The  surface  toughness  of  a  metallic  material  varies  as  a  function  of  the  plas¬ 
tic  deformation  it  has  experienced.  Investigations  on  plastically  induced 
surface  roughness  in  literature  are  incomplete  because  the  roughness  pa¬ 
rameter  used  can  not  define  the  surface  roughness  completely.  Furthermore 
the  mechanism  of  plastically  induced  surface  toughness  is,  to  a  large  ex¬ 
tent,  unknown.  The  purpose  of  this  work  is  therefore  two  fold:  Firstly,  a 
more  clear  picture  of  the  phenomena  is  provided  through  a  more  detailed 
description  of  surface  roughness  and  its  relation  to  material  property,  stress 
mode,  and  strain  path.  Secondly,  the  mechanism  of  the  plastically  induced 
surface  roughness  is  experimentally  studied  in  both  macroscopic  and  mi¬ 
croscopic  scales. 

Introduction 

Studies  on  the  roughening  of  free  surfaces  of  metallic  materials  due  to  plas¬ 
tic  deformation  have  been  reported.'"®  These  studies  discussed  the  influ¬ 
ence  of  stress  mode,'’*'^*®’®  grain  size,'*^’^  material  property,'*'®'®  temperature,^ 
strain  rate,*"  and  hydraulic  pressure^  on  surface  roughness  characteristics. 
Some  models,  which  describe  the  relation  between  some  of  the  above  men¬ 
tioned  factors  and  surface  roughness,  have  also  been  introduced.*'®'®'®  De¬ 
spite  the  existence  of  some  discrepancies  due  to  the  ilillcrence  in  test  con- 

’Foiinetly  a  graduate  student  at  SUNY,  Stony  Brook. 


ditions,  such  as  the  initial  surface  roughness,  some  conclusions  have  been 
drawn:  For  room  temperature  tests,  the  major  conclusion  is  that  the  sur¬ 
face  vertical  roughness  increases  linearly  proportional  to  the  magnitude 
of  plastic  deformation  and  to  the  average  grain  size  of  the  test  specimen, 
while  it  is  independent  of  stress  mode,  hydraulic  pressure,  strain  rate,  and 
material  property. 


This  conclusion  was  made  based  on  some  experimental  observations  and 
the  corresponding  empirical  relations.  No  investigations,  to  the  authors’ 
knowledge,  have  been  made  on  the  mechanism  of  plastic  deformation  in¬ 
duced  roughening.  Besides,  almost  all  the  studies  only  discussed  the  surface 
vertical  characteristics,  while  the  behavior  of  surface  horizontal  character¬ 
istics  during  plastic  deformation  has  remained,  to  a  large  extent,  unknown. 


This  work  is  designed  to  investigate  the  surface  roughness  response  to 
plastic  deformation  of  different  materials  and  to  study  its  mechanism  by 
using  coarse  grained  specimens  such  that  the  deformation  of  each  individ¬ 
ual  grain  due  to  plastic  deformation  may  be  revealed  and  characterized.  It 
is  expected  that  this  approach  will  provide  an  explanation  to  the  plastic 
deformation  induced  roughening  phenomena. 

Roughening  Phenomena 

Plastic  deformation  roughens  free  surfaces  of  metallic  material  by  produc¬ 
ing,  among  other  things,  slip  bands  within  grains  and  relative  rotation,  slid¬ 
ing,  among  grains  as  shown  in  Fig.l.  A  rough  surface  may  be  completely 
described  by  two  parameters,  one  vertical(root-mean-square  roughness  cr) 
and  the  other  horizontal(correlation  length  T).  These  parameters  may  be 
approximately  evaluated  by  using  the  profiles  measured  by  a  mechanical 
profilometer  such  as  that  shown  in  Fig. 2.  (A  measured  surface  profile  is 
shown  in  Fig. 6a.)  For  a  surface  profile  represented  by  discrete  values  h{i} 
measured  by  such  a  system,  these  two  parameters  are  defined  as 


and 


cr 


1=1 


+  _  1 


(1) 

(2) 


where  N  is  the  number  of  sampling  points,  and  e  is  eijiial  to  2.718. 


Surface  roughness  response  to  plastic  deformation  was  studied  on  four 
different  materials,  namely:  copper,  aluminum,  stainless  steel,  and  hot- 
rolled  steel.  The  specimens  were  cut  aJong  the  rolling  direction  into  a  ‘dog- 
bone’  shape  with  dimensions  of  2.1om»n  thick,  20.007nrT7  wide  and  I25miu 
long.  The  surfaces  of  the  specimens  were  then  polished  by  a  cloth  buffer 
wheel  and  aluminum  powder  to  an  initial  surface  finish  of  cr  <  0.05/t77i. 
Specimens  were  loaded  on  a  universal  testing  machine  to  plastic  deforma¬ 
tion  at  incremental  steps.  At  each  step,  the  specimens  were  unloaded  for 
surface  roughness  measurements.  Surface  roughness  was  measured  using 
a  system  as  systematically  shown  in  Fig. 2  with  a  stylus  tip  of  5  /itji.  The 
plastic  deformation  was  evaluated  in  terms  of  true  strain  which  is  defined 
as 

e.  =  ln(///o)  (3) 

where  Cf  is  the  true  plastic  strain;  Ig  and  I  are  the  specimen  gage  length 
before  and  after  plastic  deformation,  respectively. 


Figure  3  shows  the  experimental  results  of  both  the  vertical  and  the 
horizontal  surface  roughnesses  versus  true  strain  Cj  for  the  four  materials. 
As  a  first  approximation  the  vertical  roughness  cr  is  linearly  proportional  to 
true  plastic  strain  (Fig. 3a);  and  the  horizontal  parameter,  the  correlation 
length  T  decreases  with  the  increasement  of  tue  strain{Fig.3b).  These 
relations  may  be  characterized  by  simple  mathematical  models  as  following 


cr  =  act  -f  6 


(4) 


and 


where  a,6,  c,  d  and  e  aie  constants. 


(5) 


'As  shown  in  Fig. 3  surface  vertical  roughness  seems  to  be  independent 
of  material  property{Fig.3a);  while  the  surface  horizontal  roughness  seems 
to  be  dependent  of  material  property(Fig.3b). 

The  influence  of  stress  mode  in  terms  of  the  ratio  of  principal  stresses, 
which  varied  from  -0.577  to  -3.732  in  a  study,  was  investigated  previously 
using  specimens  made  of  copper  alloy  in  a  disk  shape  as  shown  in  Fig. 4. 
Experimental  results®  suggest  that  the  surface  roughness  is  independent  of 
stress  mode. 


The  strain  path  effect  on  surface  roughness  was  also  investigated  us¬ 
ing  the  set-up  as  systematically  shown  in  Fig. 4.  Different  strain  paths 
in  terriis  of  principal  strain  ratio,  which  varied  from  -3.1  to  0.233  in  the 
present  work,  were  obtained  by  loading  the  specimen  through  different  an¬ 
gle  Q.  Figure  5  shows  some  of  the  strain  paths  achieved  in  the  test,  some  of 
which  were  achieved  by  a  one-step,  while  the  others  by  a  two-step  loading 
to  the  final  effective  strain  of  2.3%.  Observations  made  on  copper  alloy 
material  show  that  surface  roughness  is  dependent  on  strain  path.  How¬ 
ever,  if  no  reverse  yielding  occurs,  the  process  is  virtually  independent  of 
strain  path.  (A  strain  path  with  reverse  yielding  is  shown  in  the  Fig. 5  for 
a  =  115°  -15°). 

A  Model  for  Roughening  Mechanism 
The  plastically  induced  surface  roughening  mechanism  was  experimentally 
investigated  using  aluminum  specimens  with  a  grain  size  of  1.4  millime¬ 
ters.  Microscopically,  the  fundamental  cause  to  surface  roughening  is  due 
to  dislocation  movement.  Macroscopically,  the  process  manifests  itself  in 
a  number  of  ways:  Firstly,  more  and  more  slip  bands  come  into  being 
within  each  individual  grain.  Secondly,  grains  rotate  with  respect  to  each 
other  and  the  resulting  out-of-plane  component  of  the  relative  rotation 
contributes  to  surface  roughness.  Thirdly  neighboring  grains  may  slide  rel¬ 
atively  to  each  other  forming  steps  at  the  grain  boundaries  as  can  be  seen 
in  Fig. 6a.  Some  other  mechanisms,  such  as  the  bending  of  a  single  grain 
(section  A-B  in  Fig. 6a)  and  the  rotation  of  multi-grains  (section  C-D  in 
Fig.Oa),  may  also  come  into  play. 

In  order  to  provide  an  understanding  to  the  roughening  phenomenon, 
it  is  necessary  that  the  dominant  mechanism  be  isolated  among  the  less 
significant  factors.  It  was  done  by  decomposi.ng  a  measured  profile  into  low 
and  high  spatial  .frequency  components,  and  then  comparing  the  surface 
roughness  calculated  for  each  component  with  that  of  the  original  profile. 
An  example  showing  the  decomposed  low  frcquv«ncy  component(Fig.6b), 
and  the  high  frequency  component(Fig.6c)  is  also  given  in  Fig. 6.  Experi¬ 
mented  evidence  suggest.^  that  surface  roughness  c,T  of  the  low  frequency 
component  are  eJmost  the  same  as  that  of  the  measured  profile  which  in¬ 
dicates  that  low  frequency  component  is  the  dominant  factor. 

Specimens  with  grain  sizes  in  the  order  of  millimeter  were  used  to  study 
the  plastically  induced  relative  grain  rotation.  The  grain  boundaries  in 
each  specimen’s  surface  was  marked  and  the  specimen  was  then  polished 


to  almost  mirror  finish.  The  relative  grain  rotation  was  measured  by  using 
a  set-up  which  consists  of  a  laser,  a  partial  mirror,  a  translation  stage  and 
an  observation  screen  as  schematically  shown  in  Fig. 7.  The  laser  beam 
.  was  directed  to  a  grain  on  the  specimen  surface  and  the  specular  reflection 
point  was  marked  on  the  observation  plane.  The  specimen  was  then  trans¬ 
lated  such  that  the  neighboring  grain  was  now  under  illumination  and  the 
specular  reflection  point  from  this  grain  was  then  determined.  The  relative 
angle  between  the  two  grams  was  determined  by  the  distance  between  the 
two  marks  and  the  distance  between  the  observation  plane  and  the  spec¬ 
imen.  The  relative  grain  rotating  angle  at  each  plastic  deformation  level 
was  the  average  of  the  rotating  angles  measured  for  ten  pairs  of  grains. 
Figure  8  shows  the  average  grain  rotation  9  versus  true  plastic  strain  for 
specimens  with  four  different  grain  sizes.  They  all  appear  to  increase  lin¬ 
early  with  plastic  strain. 

Based  on  the  experimental  evidence  mentioned  above,  an  attcmptativc 
explanation  to  the  plastic  induced  roughening  may  be  given  as  follows. 

For  0  <  e,  <  3.5%:  At  this  range  the  surface  polishing  process  renders 
all  the  grains  on  a  specimen  surface  be  approximately  on  a  plane.  As  a 
result,  the  initial  rms  roughness  cr  is  small  and  the  correlation  length  T  is 
large.  As  the  plastic  deformation  increases,  slip  bands  come  into  being  and 
grains  begin  to  rotate  with  respect  to  each  other.  Because  plastic  deforma¬ 
tion  is  small,  some  grains  tend  to  be  bonded  together  to  rotate  as  a  group 
with  respect  to  the  other  grains  or  grain  groups.  With  the  progression  of 
plastic  deformation,  less  and  less  grains  remain  bonded  resulting  in  the 
correlation  length  T  becoming  smaller  and  smaller.  The  combined  effect 
of  change  in  correlation  length  and  grain  rotation  results  in  a  increase  of  a 
with  respect  to  an  increase  in  Cj. 

Tor  3.5%  <  £<  <  18%:  At  this  stage,  almost  all  the  grains  have  been 
involved  in  the  relative  rotation  with  their  neighboring  grains.  This  re¬ 
sults  in  a  slower  generation  rate  of  new  low  frequency  profile  components. 
Therefore  the  correlation  length  T  approached  saturation.  The  relative 
grain  rotation  still  increases  linearly  with  respect  to  plastic  stain  making 
the  surface  vertical  roughness  cr  increase  approximately  linearly  with  plas¬ 
tic  strain. 

Conclusion 

Through  the  experimental  study  and  some  analysis  for  the  material  stud- 


ied  under  the  experiment  conditions,  we  may  conclude  that:  1.  surface 
vertical  roughness  increases  linearly  proportional  to  plastic  strain,  that  2. 
surface  horizontal  correlation  length  decreases  with  plastic  strain,  that  3. 
surface  vertical  roughness  is  independent  of  material  property,  stress  mode, 
and  dependent  of  strain  path,  that  4.  surface  horizontal  correlation  length 
is  dependent  of  material  property,  that  5.  plastic  deformation  roughens 
surface  by  introducing  slip  bands  within  grains  and  relative  rotation  and 
sliding  between  grains,  that  6.  the  low  frequency  component  of  a  surface 
rpofile  contributes  dominantly  to  surface  roughness  parameters  c  and  T, 
that  7.  the  horizontal  surface  roughness  parameter  in  terms  of  correlation 
length  is  proportional  to  a  specimen’s  average  grain  size  and  it  becomes 
saturated  at  a  certain  plastic  deformation,  that  8.  the  relative  rotation  be¬ 
tween  grains  increases  linearly  to  the  amount  of  plastic  deformation,  and 
that  9.  the  surface  vertical  rvis  roughness  is  mainly  due  to  grain  rotation. 
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Figure  2  Set-up  for  surface  roughness  study 


Figure  1  Plastically  roughened  surfaces  revealing  (a)  slip  bands  within 
individual  grains  (b)  grain  rotation,  gram  boundary  sliding  among 
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Figure  3  Relation  between  surface  roughness  and  plastic  strain 


Figure  4  Schematic  set*up  for  strain  path  effect  study 
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Figure  5  Stain  path  effect  on  surface  roughness 
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Figure  6  Decomposition  of  a  profile  (a)  measured  surface  profile  (b)  low 
frequency  component  (c)  high  frequency  component 


Figure  7  Set-up  for  relative  grain  rotation  measurement 
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Abstract 


Crack  tip' deformation  fields  in  an  aluminum  single  crystal  are  quantitatively 
obtained  by  applying  three-dimensional  moire  interferometry  technique.  Tensile  spec¬ 
imen  made  of  aluminum  single  crystal  has  an  edge  crack  on  (!^23)  plane  with  its  tip 
along  [10,  7,  2]  direction.  Specimen  with  this  specific  orientation  undergoes  power 
law  hardening  with  hardening  index  of  n  being  3.1.  The  experimental  arrangement 
for  moire  interferometry  results  in  a  displacement  sensitivity  of  0.47  /im/fiinge.  Dis¬ 
placement  fields  at  the  free  surface  near  crack  tip  are  mapped  with  moire  fringe 
patterns.  Both  effective  strsun  and  maximum  shear  strain  within  a  small  region  of 
less  than  2  mm  from  the  crack  tip  have  been  evaluated.  In  partial  agreement  with 
earlier  analytical  and  numerical  solutions,  the  results  of  this  experiment  show  that 
the  deformation  fields  near  crack  tip  axe  divided  into  several  different  angular  sectors, 
and  concentrated  shear  are  found  at  these  sector  boundaries  where  displacements  are 
continuous.  The  experimental  results  also  show  that  the  effective  strain  and  maxi¬ 
mum  shesir  strain  remain  coustsmt  (independent  of  angle  within  certain  angular 


sectors. 


1  Introduction 


An  atomic  sharp  crack  in  ductile  crystal  is  often  blunted  before  it  can  propagate.  As 
the  result  of  complicated  slip  activities,  the  crack  tip  stress  and  deformation  fields 
in  such  materials  exhibit  some  unique  characteristics.  Bilby,  Cottrell  and  Swinden 
(1963)  proposed  a  model  for  elastic-plastic  crack,  known  as  the  BCS  model,  in  which 
an  elastic  crack  was  simulated  by  a  louble  pile-up  of  dislocations.  By  considering 
the  interactions  between  dislocations  and  crack,  the  plastic  zone  size  (caused  by  dis¬ 
location  pile-up  in  the  crack  tip  re^on)  was  calculated.  Crack  tip  blunting  wm  first 
considered  by  Kelly,  Tyson  and  Cottrell  in  1967.  They  postulated  that  the  localized 
shear  stress  in  the  vicinities  of  the  crack  could  cause  crack  tip  blunting.  Rice  and 
Thomson  (1974)  obtained  a  criterion  for  crack  tip  blunting  by  analyzing  the  condi¬ 
tion  for  dislocatio  emission  from  an  atomic  sharp  crack.  Ohr  and  co-workers  (Ohr 
and  Narayan,  1980;  Kobayashi  and  Ohr,  1980,  1981,  1984;  Chang  and  Ohr,  1981; 
Ohr  and  Chang,  1982;  Horton  and  Ohr,  1982)  did  a  series  of  in-situ  experiments  on 
different  metal  thin  foils  to  investigate  the  crack  tip  deformation  fields.  Their  re¬ 
sults  confirmed  the  BCS  theory.  In  further  improvement  they  proposed  a  dislocation 
free  zone  model  of  fracture.  Aforementioned  theoretical  and  experimental  studies 
together  with  the  works  of  other  investigators,  e.g.  Vitek  (1976),  Vitek  lud  Chell 
(1980),  Majumdar  and  Bunu  (1981,  1983),  Thomson  and  Sinclair  (1982),  Lin  and 
Thomson  (1986),  Weertman,  Lin  and  Thomson  (1983),  Weertman  (1978),  Weertman 
and  Weertman  (1989)  among  others,  have  formed  the  framework  of  the  dislocation 
theory  of  fracture.  However,  in  these  theories  the  crystals  have  been  considered  as 
linear  elastic  isotropic  materials,  and  the  slips  are  confined  into  one  or  at  most  two 
in- plane  slip*.  They  can  not  represent  the  real  situations  of  single  crystal  fracture 
considered  here.  Furthermore,  Ohr  and  co-worker’s  experiments  were  performed  on 
thin  crystal  foils.  As  they  pointed  out  in  their  paper  (Chang  and  Ohr,  1983),  the 
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thickness  of  the  specimen  had  significant  influences  on  the  results. 

Analytic  solutions  for  crack  tip  stress  and  deformation  flelds  in  single  crystals 
were  also  reported  by  Rice  and  co-workers.  For  elastic-ideally  plastic  single  crystals, 
assuming  crystal  flow  according  to  the  critical  resolved  shear  stress  criterion,  Rice  and 
Nikolic  (1985)  and  Rice  (1987)  have  arrived  asymptotic  solutions  for  near  tip  stress 
field.  In  the  case  of  ductile  single  crystals,  Rice  and  Saeedvafa  (1988)  and  Saeed- 
vafa  and  Rice  (1989)  considered  hardening  effects  and  assumed  that  crystal  obeying 
Taylor  power  law  hardening,  and  proposed  HRR  type  solutions  for  crack  tip  singular 
fields.  These  solutions  reveal  the  formation  of  angular  sectors  around  crack  tip.  The 
solution  given  for  an  elastic-ideally  plastic  crystal  near  a  tensile  crack  (Rice,  1987) 
shows  that  the  state  of  stress  remains  constant  within  each  sector,  and  changes  dis- 
continuously  from  sector  to  sector  which  dictate  that  the  corresponding  displacement 
component  u,  be  discontinuous  across  sector  boundaries.  This  is  in  contrast  with  the 
limiting  case  (perfect  plasticity)  of  HRR  type  solution  (Saeedvafa  and  Rice,  1989), 
in  which  displacement  components  are  continuous  while  strain  components  are  dis¬ 
continuous  yet  bounded  across  sector  boundaries.  Hawk's  (a  preliminary  summary  is 
included  in  Rice,  Hawk  and  A«aro,  1990)  numerical  analysis  for  elastic-ideally  plastic 
crystals  showed  the  discontinuity  of  displacement  component  u,  at  sector  boundaries 
and  corresponding  strain  field  with  a  Dirac  singular  form.  Analytic  solutions  of  Rice 
imd  co-workers  were  constructed  with  small-strain  formulation,  in  which  finite  lattice 
rotations  were  ignored.  As  shown  by  Assuro  (Asaro,  1979,  1983),  finite  lattice  rotation 
may  result,  depending  on  the  direction  of  lattice  rotation,  in  geometrical  softening 
or  hardening.  This  in  turn  may  cause  several  competing  modes  of  deformation,  and 
plays  an  important  role  in  the  formation  of  shear  band  (Asaro  and  Rice,  1977;  Peirce, 
Asaro  and  Needleman,  1982,  1983). 

Recent  numerical  suialysis  by  Mohsm,  Ortiz  and  Shih  (1990,  1991a,b)  have  con¬ 
sidered  finite  deformation  and  finite  lattice  rotation,  as  well  as  3-D  crystallographic 
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geometry.  In  their  finite  element  calculations,  they  used  an  experimentally  based 
self'hardening  rule  (Chang  and  Asaro,  1981;  Peirce,  Asaro  and  Needlemaa,  1983; 
Kocks,  1970)  showing  an  initial  stage  of  rapid  hardening  followed  by  a  saturation 
stage.  For  small  deformation,  the  crystal  exhibits  a  high  rate  of  hardening.  When 
finite  strain  is  approached,  crystal  behaves  like  ideally  plastic.  Their  results  differed 
from  the  analytic  solutions  of  Rice  and  Nikolic  (1985)  and  Rice  (1987)  in  the  region 
deep  inside  the  plastic  zone  where  plastic  saturation  was  attained.  Indeed  large  lat¬ 
tice  rotations  were  found  in  this  region.  It  is  believed  that  the  large  lattice  rotations 
will  contribute  to  the  activation  of  all  slip  systems  and  affect  significantly  the  nature 
of  the  near  tip  solutions.  As  shown  by  Mohan,  Ortiz  and  Shih  (1991a),  for  example, 
the  development  of  in-plane  stress  components  of  magnitude  comparable  to  that  of 
the  out-of-plane  shear  stresses  in  the  vicinities  of  anti-plane  shear  crack  tip  resulted 
in  the  loss  of  the  anti-plane  character  of  the  solution.  In  the  region  outside  the  crack 
tip  where  plastic  strain  was  small  and  crystal  hardened  rapidly,  numerical  calcula¬ 
tions  of  Mohan,  Ortiz  and  Shih  ( 1991a, b)  tended  to  be  consistent  with  analytical 
solutions  of  Rice  and  Saeedvafa  (1988)  and  Saeedvafa  and  Rice  (1989).  Mohan,  Ortiz 
and  Shih’s  (1991b)  results  were  in  close  agreement  with  experimental  observations  of 
Shield,  Kim  and  Nikolic  (1989).  Shield  ,  Kim  and  Nikolic  (1989)  studied  the  near 
tip  deformation  field  in  a  four-point  bend  specimen  of  Iron-Silicon  single  crystal.  In 
their  experiments,  they  mapped  the  near  tip  displacement  field  of  one  component 
using  a  moire  microscope,  and  observed  narrow  bands  of  fringe  kinks  representing  a 
jump  in  displacement  component.  From  parallel  and  equally  spaced  fringe  patterns, 
as  they  stated  in  their  paper,  strain  component  in  opening  direction  changed  from 
one  constant  value  to  another  across  these  narrow  bands.  However,  no  quantitative 
measurement  of  the  displacement  field  near  a  crack  tip  was  offered. 

In  this  study,  we  measured  displacement  fields  near  a  tensile  crack  tip  in  an 
aluminum  single  crystal  by  applying  a  three-dimensional  technique  o^  moire  interfer- 
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ometry.  Three  components  of  displacement  field  at  the  free  surface  near  crack  tip 
were  directly  obtained  through  moire  fringe  patterns.  The  arrangement  of  moire  in¬ 
terferometry  resulted  in  a  displacement  sensitivity  of  0.47  /im/fringe.  The  specimen 
used  in  this  experiment  had  a  crystal  orientation  with  crack  '  **  .face  on  (223)  plane 
and  its  tip  along  [10,7,2]  direction  (as  shown  in  Fig.2a),  and  underwent  power-law 
hardening  with  hardening  index  of  n  being  3.1  (as  shown  in  Fig.3a).  Both  effective 
strain  and  maximum  shear  strain  within  a  small  region  of  less  than  2  mm  around 
crack  tip  were  evaluated.  Evident  &om  the  quantitative  measurement  of  crack  tip 
deformation  fields  are  the  formations  of  angular  sectors  with  sector  boundaries  ema¬ 
nating  from  crack  tip.  The  strain  fields  are  found  to  be  locally  constant  (independent 
of  6)  within  certain  sectors,  and  concentrated  shears  are  obtained  at  these  sector 
boundaries.  Comparison  with  earlier  analytical  and  numerical  solutions,  as  well  as 
experimental  observations  are  also  discussed. 


2  Plane  strain  solution 

2.1  Plane  strain  yield  surface 

Aluminum  single  crystals  (they  are  f.c.c.  crystals)  have  12  possible  slip  systems. 
Plastic  flow  occurs  on  a  given  slip  system  only  when  the  resolved  shear  stress  on  that 
system  reaches  a  critical  Value,  and  this  value  increases  as  the  material  hardening  takes 
place.  It  is  assumed  that  the  crystal  obeys  Taylor’s  power-l&w  hardening.  Therefore 
the  critical  resolved  shear  stress  remains  the  same  for  all  possible  slip  systems  as 
hardening  develops  (equal  hardening  on  all  systems).  The  stress-strain  relation  at 
sufficiently  large  strain  is  given  by 


7  =  or" 


(1) 
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where  a  is  the  material  hardening  constant,  n  is  the  material  hardening  index,  7  is 
the  effective  shear  strain,  i.&  the  sum  of  the  absolute  shears  on  all  slip  systems  (as 
defined  by  Rice  and  Saeedvafa,  1989),  and  r  is  the  critical  resolved  shear  stress  (same 
for  all  possible  slip  syftems). 

Following  Rice’s  theory  (1973),  yield  surface  of  such  a  single  crystal,  under  the 
assumptions  of  plane  strain  deformation  and  incompressibility,  can  be  represented  as 
a  closed  curve  in  a  plane  whose  axes  are  (cr^i  -  (r22)/2r  and  (rn/r.  This  curve  is 
found  to  be  the  inner  envelope  of  the  planar  }rield  surfaces  for  individual  slip  systems 
or  groups  of  systems,  and  has  the  form  of  a  polygon.  For  our  specific  problem,  the 
plane  of  deformation  was  defined  as  xi  -  xj  plane  vrith  xj  along  [l22]  direction  and 
X]  along  [323]  direction.  The  yield  surface  in  the  space  of  the  ratio  of  the  stresses  to 
the  critical  resolved  shear  stress  r  was  determined  and  shown  in  Fig.3b.  The  active 
slip  systems  for  this  specific  orientation  are  also  depicted  in  this  figure. 


2.2  Flat  sectors  and  vertex  sectors 

The  yield  surface  shown  in  Fij.3b  has  five  fiat  segments  and  five  vertex  points. 
Each  fiat  segment  corresponds  to  onv  active  slip  system,  and  each  vertex  point  to 
two  active  slip  systems,  resulting  in  two  types  of  near  tip  solutions.  If  we  rotate 
our  coordinate  system,  according  to  Saeedvafa  and  Rice  (1989),  such  that  for  fiat 
sectors  the  axis  of  -  <fn)!2r  is  parallel  to  the  corresponding  fiat  segment  and  for 
vertex  sectors  the  axis  of  (rr^j  -  <r2j)/2r  is  passing  through  the  corresponding  vertex 
point  (as  shown  in  Fig.4a  and  Fig.4b).  Then  the  displacement  components  and  stress 
components  for  a  giveii  sector  can  be  represented  in  new  coordinate  system  as  follows 

u;  =  six;!x;r-Fi(o’2)  (2) 

=  B2x;ix;r^;5’i(Cj)  (3) 
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(4) 

<  (B,x\\x[\-^  x'l'^  cosu; 

“  n+l\  JBiXj|xi|“^  ®j/  Bixilxjl's:^  *  * 

(5) 

<r;,  /  Bixilxir^^  x;\  ,  tinu 

”  n+l\  Fjxilx'ii"^  x'J  Faxilxir^+r  ’  * 

(6) 
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for  the  fiat  sectors,  and 

+  >la|x'jrsiT)"+v  _  (20)"+'  cotV»^  . 

'  (2a)"+Mi|xjr^ 

(7) 

■  *;(-4.i*;r=^  +  '!»ix;i-*r‘ +(2ar«iiiiv.^ 

(2ar+u,ix;r5^  ^  ’ 

(8) 

M 
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o 

(9) 

(10) 

<r;a  -  ->iji*;r=^A(Cj) 

(11) 

for  the  vertex  sectors. 

Where 

'  —  /  ^  cos(^  -  w)  for  flat  sectors. 

'  ~  \  rco»{0  —  V»)  for  vertex  sectors. 

1 

1  j  rsin(^-u;)  for  flat  sectors. 

*  ~  1  r8in(^  -  V*)  for  vertex  sectors. 
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1 

-  Fj(Cj)  =  a!tiT[(n  +  l)C,l5^ 

(12) 

F,(C,)  = 

(13) 

Ai  and  A3  are  constants  in  each  vertex  sector,  Bi  and  B3  are  constants  in  each  flat 
sector,  J3  is  a  common  constant  for  all  sectors  (related  to  J-integral,  as  shown  in 
Rice  and  Saeedvafa,  1988),  0  is  the  distance  from  flat  segment  to  origin  as  deflned  in 
Fig.4a,  and  a  is  the  distance  from  vertex  point  to  origin  as  deflned  in  Fig.4b,  r  and 
are  polar  coordinates  as  deflned  in  Fig.l,  and  V*  <^d  u>  are  angles  as  deflned  in  Fig.4a 
and  Fig.4b, 

There  are  two  unknown  constants  involved  in  each  angular  sector,  and  one 
unknown  common  constant  Cj  for  all  sectors.  Ai  and  A]  (or,  Bi  and  Bt)  can  be 
determined  from  its  sector  boundary  conditions.  C3  has  the  unit  of  Jdntegral,  and  is 
used  for  the  normalization  of  the  outer  fleld.  In  the  present  study,  we  are  interested 
in  the  near  tip  angular  sector  arrangement  to  aid  the  analysis  of  our  experimental 
results.  The  constant  C3  is  therefore  left  undetermined. 


2.3  Sector  arrangement 

The  flat  segment  on  yield  surface  is  bounded  by  two  vertex  points,  and  .he 
vertex  point  is  adjoined  by  two  flat  segments.  The  validity  of  previous  solutions  are 
therefore  limited  u  follows  (Saeedvafa  and  Rice,  1989) 

for  the  flat  sectors,  and 
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.V  r''  ^  ,.  '“-J^'**!*''  .'."'5  ’'5i*^'v;<n  jJ'  -A-V,'”*'-  yi’'  '  y  %**'''  '  ‘'-S'  •  "'*  •*”'  •»'“>,  i 

'  »>*•'-  ,  '  '  ''  .  «  ,  ••  •  ^.^  .  I, 


tan3(V»  — 1*;~) 
for  the  vertex  sectors. 


tan2(V'  -  u;+) 


Where 


y-^y  *  •  \ 

(3(11,*,) 

= 

^i(*i»®a)  +  ^a(*i*®j)  +  <?3(*n*j)  + 

^l(*lt*2)  -  Qa(*l.*'3)  -  <?s{*'t,*'j) 

G,(*l,*i) 

= 

n  />4,*’i|*'ir=+T  yli*i|*ir^\ 

n  +  1  V^*i|*i|-s^  >l,*il*'j|"^j 

Ga(*'„*',) 

= 

n+i\*;  *',/ 

(n  +  1)»  cosu; 

0^  jBi*ii*ir=^(5ii*ir=^ + jPakir^)" 

C34(*i,*,) 

(n  +  1)"  sinu/ 

/3*i"Ba*ii*;r=^(iBiix',r5* + 5,i*ir=3T)i 

= 

>ij*',i*ir=^  ^/*i  ®',\ 

>^i**al®ar^  •<4a*'il®lr^  '** 

(2a)’*'*’^  cos  V> 

/ii®',i*',r^(Aji*’,r5ir + 

{2a)"+^  sint(> 

/iax'il®'ir^(>li|x'ar’'^  +  zialxir^)" 

(15) 


V>~  and  are  angles  as  defined  in  Fig.4a,  and  u>~  and  u*  are  angles  as  deftned  in 
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Fig.4,b. 


The  boundaries  of  sectors  {9  =  9f,  for  flat  sectors;  and  9  =  for  vertex 
sectors)  are  detern^ined  from  the  following  equations 


2 

tan2(u>  —  V**) 


(16) 


lor  flat  sectors,  and 


[<?(*!.  *i)] 


0, 


2(n  +  1) 
tan2(i^  -  w*) 


(17) 


for  vertex  sectors. 

In  the  previous  section,  displacement  components  of  both  flat  and  vertex  sec* 
tors  have  the  form  of  a  function  of  z\  and  x',  multiplied  by  F\{C%)\  end  stress  com* 
ponents  of  both  flat  and  vertex  sectors  have  the  form  of  a  function  of  x'j  and  x\ 
multiplied  by  With  Cj,  and  therefore  Fi(Cj)  and  FjICj),  left  as  unknown 

constants  for  all  sectors,  we  were  able  to  determine  the  two  unknown  constants  in 
each  sector  &om  boundary  conditions  at  crack  surface  together  with  continuity  con* 
ditions  at  each  sector  boundaries. 

The  crack  surface  boundary  conditions  are 

wij  s:  0  at  9  ^  dew  (18) 

(Tjj  =  0  at  9  ^  ±w  (19) 


The  sector  arrangement  corresponding  to  the  yield  surface  is  shown  in  Fig.Sa. 
Constants  B\  and  Bt  in  fiat  sector  I  were  determined  from  boundary  conditions  at 
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sector 

_ _ z _ 

sector 

e 

I 

VI 

45.580°  --  78.174®“ 

'|K[H 

VII 

78.174°  ~  86.47^ 

III 

-64.274°  ~  -60.125° 

VIII 

86.473'*  117.82iF* 

IV 

IX 

mn 

34.891°  ~  45.580°  i 

. 

Table  1:  Boundaries  between  angular  sectors  around  crack  tif; 


the  crack  surface,  i.e.  Eqs.(18)&(19)  at  5  =  -ir.  The  sector  boundary  between  flat 
sector  I  and  vertex  sector  11  was  resolved  from  Eq.(16).  Constants  Ai  and  At  in 
vertex  sector  II  were  calculated  from  continuity  conditions  of  stress  components  at 
the  boundary  between  flat  sector  I  and  vertex  sector  11.  The  sector  boundary  between 
vertex  sector  II  and  flat  sector  III  was  obtained  from  £q.(17).  Constants  B\  and  Bi  in 
flat  sector  III  were  found  &om  continuity  conditions  of  displacement  components  at 
the  sector  boundary  between  vertex  sector  II  and  flat  sector  III.  Following  the  same 
procedure,  two  unknown  constants  in  each  sector,  and  therefore  stxtor  boundsiries  can 
be  calculated  for  all  sectors.  Since  Eqs.(2)*(ll)  and  Eqs.(16)&(17)  are  all  nonlinear 
equations  which  can  only  be  solved  numerically,  there  exist  more  than  one  solutions. 
The  boundary  conditions  at  the  crack  surface,  t.e.  Eqs.(13)&(19)  at  9  s  +x,  were 
checked  from  solutions  in  the  last  sector  (flat  sector  IX)  to  ensure  that  the  solution 
s-o  obtained  was  correct. 

Calculated  sector  boundaries  for  this  specific  crystal  orientation  are  colle>  ted 
and  shown  in  table  1.  The  sector  arrangement  in  the  plane  of  deformation  is  also 
shown  in  Fig.5b. 
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3  Experiment 

3.1  Specimen  ' 


The  tensile  specimen  of  sluminum  single  crystal  was  cut  &om  one  huge  single  crystal 
sheet  obtained  £rom  strain-annealing  process  for  crystal  growth.  The  specimen  used 
in  this  experiment  had  the  dimension  of  40  x  13  x  2  mm’.  An  edge  crack  with  finite 
radius  of  about  76  nm  was  machine  cut,  and  followed  by  annealing  at  150*^C  fov  5 
hours  to  eliminate  the  possible  residual  stress  induced  during  machimng  process.  By 
using  X-ray  diffraction  technique,  the  crystal  orientation  was  determined  such  that 
the  crack  surface  was  on  (223)  plane  and  its  tip  along  [10,7,2]  direction.  Specimen 
surface  was  then  polished  and  chemically  etched.  The  material  was  calibrated  through 
a  simple  tension  test,  using  xhe  same  aluminum  single  crystal,  resulting  in  a  stress- 
strain  curve  as  shown  in  Fig.3a.  Ramberg-Osgoog  relation  written  in  a  piece-wise 
formulation  was  used  to  fit  the  curve,  t.e. 


i.  _  /  ^  <0 

~  I  a((r/<ro)"  «  >  «o 


(20) 


where  ao  the  yield  stress;  Cq  i*  the  yield  strain;  n  is  the  material  hardening  index; 
and  a  is  the  material  hardening  constant.  The  csdibrated  material  parameters  are 
indicated  in  Fig.3a. 


3.2  Three-dunensional  moir4  interferometry 

Moire  interferometry  was  used  to  measure  the  near  tip  three-dimensional  displace¬ 
ment  component.  The  detailed  analysis  of  moire  interferometry  can  be  found  in  many 
papers  (e.g.  Post,  1987;  Asundi,  1989).  Fig.6  shows  the  principle  of  moire  interfer- 
ometrv.  A  high  frequency  refiective  phase  grating  either  replicated  onto  the  specimen 
surface  or  onto  a  glass  plate  used  as  a  real  reference  grating  is  illuminated  by  two  col¬ 
limated  laser  beams  A  and  B.  These  two  coherent  laser  beams  which  are  incident  at 
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symmetrical  angles  ±a  are  diffracted  by  reflective  phase  grating.  The  incident  angle 
a  is  adjusted  such  that  the  direction  of  diffracted  beam  of  +1  order  (resulted  from 
the  incident  beam  of  A),  and  therefore  the  —1  order  (resulted  from  B)  are  0®.  If  the 
reflective  phase  grating  remains  unchanged,  then  both  diffracted  beams  of  4-1  order 
and  -1  order  will  have  plane  wavefront,  and  no  interference  pattern  will  be  observed. 
If  the  grating  was  replicated  onto  the  specimen  surface  and  distorted  at  the  result  of 
in- plane  deformation,  then  both  diffracted  beams  of  -fl  order  and  -1  order  would 
have  warped  wavefront.  The  interference  of  these  two  coherent  laser  beams  with 
warped  wavefront  will  result  in  a  moire  fringe  pattern  which  is  contours  of  in-plane 
displacement  components.  If  a  real  reference  grating  was  used  and  remained  un- 
k.hanged,  but  beam  A  was  reflected  back  from  the  specimen  with  a  mirror  surface  and 
had  a  '•rarped  wavefront  resulted  from  out-of-plane  deformation,  the  diffracted  beam 
of  -i-1  order  would  have  a  warped  wavefront  while  -1  order  retain  its  plane  wavefront. 
Thus  a  moire  fringe  pattern  which  represent:  contours  of  out-of-plane  displacement 
component  would  be  generated  from  the  interference  of  these  two  diffracted  beams. 

Fig.7  shows  the  experimental  set-up  for  simultaneous  measurement  of  in-plane 
and  out-of-plane  displacement.  A  reflective  cross-grating  (phase  grating)  of  1200 
line/mm  was  replicated  onto  the  specimen  surface,  and  a  real  reflective  reference 
grating  (phase  grating)  of  the  same  frequency  was  placed  perpendicular  to  the  spec¬ 
imen  surface.  Camera  A  was  focused  on  the  specimen  surface  to  record  the  in-plane 
displacement  fields,  while  camera  B  was  focused  on  the  real  reference  grating  to  ob¬ 
tain  the  out-of-plane  displacement  field.  A  He-Ne  laser  with  a  wavelength  of  A  s 
633  nm  was  used  u  the  light  source.  The  laser  beam  was  splited  into  two  collimated 
laser  beams.  Two  opaque  screen  were  used  to  block  these  two  beams  from  striking  on 
the  specimen  surface,  the  reference  grating,  and  the  mirrors.  By  allowing  light  from 
sections  cf  and  d'  impinging  on  reflective  grating  c  and  specimen  grating  d,  Uj-field 
moire  fringe  pattern  can  be  obtained  at  camera  back  A.  Let  light  passing  through 
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sections  a'  and  b'  and  illuminating  adjustable  minors  a  and  b,  U}-fieid  moire  &inge 
pattern  can  be  observed  at  camera  back  A.  To  record  us'field  moire  fringe  pattern  at 
camera  back  B,  reflective  grating  e  and  specimen  surface  f  are  illuminated  by  coher¬ 
ent  laser  beams  through  sections  e'  and  /'.  This  experimental  arrangement  resulted 
in  a  displacement  sensitivity  of  0.417  ^m/&inge.  The  ux-field^  uj-fleld,  and  us-fleld 
moire  fringe  patterns  are  the  contours  of  displacement  components  along  st,  Z),  and 
zs-direction  respectively,  and  they  are  governed  by  the  following  equations 

(21) 

(22) 

Us  =  (23) 

where  uj,  U},  and  U3  are  displacement  components  along  zj,  zj,  and  zs-direction 
respectively;  iVi,  jVj,  and  are  fringe  orders  of  ui-field,  Uj-field,  and  uj-field  moire 
fringe  patterns  respectively  (0,±l,x2,‘**);  p  is  the  pitch  of  the  specimen  grating 
(same  as  the  pitch  of  the  real  reference  grating). 

To  evaluate  the  near  tip  deformation  held  we  proceeded  to  calculate  the  strain 
distributions  from  the  displacement  values.  Moire  fringe  patterns  (such  as  shown 
in  Fig.8)  were  difptized  and  numerically  differentiated  with  respect  to  the  spatial 
coordinates  Zj  and  Z]  using  a  smoothed  cubic  spline  approximations  (Berghuaus  and 
Cannon,  1977).  The  in-plane  strain  components  were  obtained  from  the  following 
relations 


1  dNi 

(24) 

1  dNi 

(25) 

p(dNjdNi\ 

(26) 
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Under  the  assumption  of  material  incompressibility,  we  have  (neglect  the  elastic  de¬ 
formation  near  the  crack  tip) 

<33  =  “(<ii  +  <jj)  (27) 

The  effective  strain  t,  and  the  maximum  shear  strain  7maB  are  calculated  using  the 
following  equations 

^  [(€u  -  <33)*  +  (<33  -  <33)*  +  (<33  -  «ii)*  +  6eJjj  ^  (28) 


The  displacement  components,  the  effective  strain,  and  the  maximum  shear 
strain  were  then  converted  into  that  in  the  polar  coordinate  system,  and  are  shown 
in  Fig.9  and  Fig.  10,  respectively. 

3.3  Experimental  results 

Fig. 8  shows  the  moire  fringe  patterns  obtained  at  —  0.8(ro,  where  <t^  was  aver¬ 
aged  over  the  uncracked  ligament.  These  moire  fringe  patterns  represent  the  contours 
of  displacement  components  at  the  free  surface  near  crack  tip.  It  is  evident  that  the 
deformation  fields  are  divided  into  several  different  angular  sectors  with  sector  bound¬ 
aries  emanating  from  crack  tip  at  ^  =  -89.°,  9  =  -64.°,  and  B  =  34.°.  These  are 
also  distinguished  from  the  plots  of  effective  strain  and  maximum  shear  strain  as  a 
fvinction  of  B  at  different  radial  distance  from  the  crack  tip  (as  shown  in  Fig.lO). 
Concentrated  shear  were  found  at  some  sector  boundaries.  Both  effective  strain  and 
maximum  shear  strain  were  locally  constant  (independent  of  angle  B)  within  certain 
angular  sectors.  Only  three  angular  sectors  were  observed  at  this  stage  of  deformation. 
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4  Discussion  and  conclusion 


Small-strain  solutions  of  Rice  and  co-workers  did  not  include  the  effects  of  lattice 
rotation.  As  pointed  out  by  Mohan,  Ortiz  and  Shih  ( 1991a, b),  notable  discrepan¬ 
cies  will  arise  if  finite  deformation  and  fiaite  lattice  rotation  are  allowed.  This  is 
expected  since  finite  lattice  rotation  will  induce  geometrical  hardening  or  softening, 
and  in  turn  may  affect  yield  condition  as  well  as  the  hardening  law.  In  the  numerical 
analysis  of  Mohan,  Ortiz  and  Shih  (1991a,b),  finite  deformation  in  the  vicinities  of 
crack  tip  have  exceeded  its  satv;  ation  and  thus  been  treated  with  perfect  plasticity. 
The  results  of  iaeir  calculation  did  differ  &om  those  small-strain  solutions  of  Rice  and 
Nikolic  (1985),  of  Rice  (1987),  and  of  Rice,  Hawk  and  Asaro  (1990)  for  elastic-ideally 
plastic  crystals,  but  agreed  well  with  the  experimental  observations  of  Shield,  Kim 
and  Nikolic  (1989).  However,  in  the  region  away  from  crack  tip  where  deformation 
was  small  and  crystal  exhibited  high  hardening,  the  results  of  Mohan,  Ortiz  and  Shih 
(1991a,b)  tended  to  be  consistent  with  the  analytical  solutions  of  Rice  and  Saeedvafa 
(1988)  and  Saeedvafa  and  Rice  (1989)  for  high  hardening  crystals. 

In  this  study,  the  deformation  fields  measured  in  the  region  near  crack  tip 
were  relatively  small  (one  order  of  magnitude  smaller  than  those  observed  in  Shield, 
Kim  and  Nikolic’s  experiment  (1989)).  Crystal  exhibited  power-law  hardening,  and 
therefore  perfect  plasticity  can  not  be  applied.  The  observations  from  this  experiment 
provide  clear  evidence  for  the  formation  of  angular  sectors  around  crack  tip  with  sec¬ 
tor  boundaries  emanating  from  crack  tip  at  9  =  -91.*’,  9  =  -64.**,  and  9  s  34.”. 
Corresponding  to  these  observed  sector  boundaries,  the  analytical  solution  based  on 
Saeedvafa  and  Rice’s  analysis  (1989)  predicts  sector  boundaries  hi  9  —  -91.031”, 
9  =  -64.274”,  and  9  =  34.891”.  An  interesting  observation  can  be  made  in  compari¬ 
son  between  the  experimental  result  and  the  analytical  solution.  Despite  the  narrow 
region  in  sector  III  (see  Fig.Sb)  which  could  not  be  identified  from  the  experimental 
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observations,  all  the  three  distinguished  angular  sectors  (sector  I,  II,  and  IV)  were  the 
results  of  active  slip  on  (III)  plane.  In  other  words,  all  the  three  slip  systems  on  (Ul) 
plane  have  been  activated  at  this  deformation  level,  and  they  contribute  to  the  for¬ 
mation  of  angular  sectors.  However  &om  Fig.lO  it  is  showed  that  the  effective  strain 
and  maximum  shear  strain  remained  constant  in  these  sectors.  This  does  not  agree 
with  the  theoretical  predictions  (Saeedvafa  and  Rice,  1989).  The  locally  constant 
strain  was  also  obtained  by  Shield,  Kim  and  Nikolic  (1989),  in  which  they  observed 
puaUel  and  equal  spaced  moire  fringes  indicating  a  constant  strain  within  certain  sec¬ 
tors.  Note  that  the  theoretical  solution  was  obtained  under  the  assumptions  of  plane 
strain  deformation  and  material  incompressilbility,  while  experimental  measurement 
was  taken  at  the  specimen  &ee  surface  where  three-dimensional  deformation  actually 
occurred.  Near  tip  lattice  rotation  may  also  contribute  to  the  discrepancies. 

The  formation  of  angular  sectors  around  crack  tip  with  concentrated  shear  at 
sector  boundaries  have  been  presented  as  an  unique  characteristic  of  crack  tip  plas¬ 
ticity  field  in  single  crystals.  The  fact  that  locally  constant  strain  were  found  within 
certain  sectors  can  not  be  explained  by  solutions  available  at  present.  Within  the 
context  of  small-strain  deformation,  it  is  not  clear  that  to  what  extent  the  lattice 
rotation  may  influence  the  near  tip  stress  and  deformation  fields.  Some  of  the  exper¬ 
imentally  observed  features  remain  to  be  further  explained. 
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(a)  Crack  oa  (223)  plane  and  its  tip  along  [10,7^]  direction. 

(b)  Crack  in  plane  of  deformation.  Families  of  straight  lines 
are  traces  of  slip  plane  intersection  with  X3  -  constant. 


(b)Yield  surface  and  active  slip  systems  for  this  orientation. 


Coordinate  system  for  vertex  sector  on  yield  surface. 


Principle  of  moire  interferometry 


Fig.  8  Molrt  fring*  p«tUm>  th««d  of  crack  tip 

(a)  Crack  in  plana  of  deformation 

(b)  Ut-naid,  (c)  U|‘~fiald,  and  (d)  U)-*flald 


4.17 


Fig.  9a.b>c  ^-Variation  of  relative  displacements  at 
different  radial  distance  ft'oin  crack  tip 
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Material  Testing  by  Computer  Aided  Speckle  Interferometry 
Wang,  Y.  Y.,  Chen,  D.  J.  and  Chiang,  F.  P.' 

A  precise  evaluation  of  material  properties  is  always  important  in  structural  analysis  and  design. 
A  conventional  way  to  examine  the  stress-strain  relation  of  a  material  is  by  means  of  electrical- 
resistance  strain  gage.  The  sensitivity  of  such  a  method  is  quite  high  (up  to  l/xe),  but  its  ap¬ 
plicability  is  often  restricted  within  a  small  deformation  range  {<  i%).  Although  some  specific 
treatment  may  increase  the  range  substantially,  it  can  not  be  used  to  very  soft  materials;  for  the 
gages  mounting  on  the  surface  of  the  specimen  will  strengthen  the  material  drastically.  Geometry 
moire  is  another  method  for  material  testing(l).  With  a  fine  grating  printed  on  one  surface  of  a 
specimen,  the  strengthening  effect  adherent  to  strain  gage  method  is  eliminated.  However,  the 
sensitivity  of  this  method  is  usually  low.  For  instance,  if  a  grating  with  a  frequency  of  40  line/mm 
is  used,  a  1000/r«  strain  can  only  generate  one  fringe  over  a  distance  of  25  mm.  Therefore,  a  large 
gage-length  is  necessary,  although  the  method  is  effective  to  finite  deformations.  Moire  interfer¬ 
ometry  is  a  much  more  sensitive  approach  over  geometry  moirc[2j,  while  it  requires  complicated 
techniques  and  precious  optical  devices.  In  addition,  both  moire  methods  require  either  manual  or 
electronic  fringe  pattern  recognition.  Manual  fringe  pattern  analysis  is  tedious  and  time  consuming 
and  the  resulting  accuracy  depends  upon  the  operator’s  skill.  Electronic  fringe  pattern  recognition 
would  either  require  the  presence  of  many  fringes,  or  involve  dedicated  phase-shifting  devices. 


A  new  technique  named  computer  aided  speckle  interferometry  (CASI)  has  been  developed  re¬ 
cently  [3,4].  The  technique,  being  non-desiructlvc  and  remote-sensing,  has  achieved  mil  aaiomation 
in  both  the  speckle  pauern  registration  and  information  extraction.  The  system  constitutes  simple 
and  reliable  optical  as  well  as  electrical  set-up.  It  is  effective  in  a  large  deformation  range,  and 
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affords  a  complete  survey  of  2-D  displacement  fields.  In  its  basic  form,  two  speckle  patterns  of 
a  specimen,  one  before  and  one  after  the  deformation,  are  captured  by  a  CCD  (charged-coupling 
device)  camera  and  registered  in  a  computer.  The  U  and  V  displacement  distributions  between 
the  two  speckle  patterns  are  analyzed  pointwise  at  varies  locations  using  a  two-step  fast  Fourier 
transform  (FFT);  and  in-plane  strains  are  obtained  by  numerical  differentiations  on  the  resulting 
U  and  V  displacement  fields.  Although  the  measurable  strain  is  limited  within  5%  in  a  single  de¬ 
formation  stepfS),  substantially  higher  finite  strains  c:n  be  inspected  by  registering  more  speckle 
patterns  during  a  deformation  process  and  analyzing  the  incremental  strain  between  each  pair  of 
successive  speckle  patterns. 

In  this  work,  we  investigate  the  applicability  of  CASI  to  material  testing.  Two  types  of  pho¬ 
toelastic  materials  are  evaluated.  The  first  one,  being  a  rigid  material,  is  tested  in  its  elastic  range 
(up  to  8000;i<).  While  the  whole  range  is  also  monitored  by  strain  gages,  our  aim  here  is  to  verify 
the  accuracy  of  the  CASI  by  the  strain  gage  results.  The  second  specimen,  being  a  ductile  one, 
is  inspected  in  a  large  strain  range  (up  to  20%),  where  strain  gages  fail  to  work.  It  is  the  second 
specimen  that  demonstrates  the  advantages  of  CASI. 

Experimental  Procedures 

1.  Treatment  of  specimen. 

The  specimen  configuration  is  depicted  in  Fig.l.  The  testing  area  of  the  specimen  is  cleaned 
and  sprayed  alternately  with  black  and  white  paints.  The  thickness  of  the  paint  is  made  negligibly 
thin  and  the  tiny  spots  (speckles)  uniformly  distributed.  As  an  example,  one  enlarged  copy  of  the 
registered  speckle  pattern  is  demonstrated  in  Fig. 2.  A  two-element  rosette  is  mounted  on  the  back 
surface  of  the  first  specimen  which  has  a  higher  modulus.  The  inspected  area  by  the  camera  is 
about  20rara  x  20mm  for  both  specimens,  while  the  dimension  of  the  actual  area  is  trivial  for  strain 
evaluations. 
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2.  Experimental  set-up. 

Fig.3  illustrates  the  experimental  set-up.  The  specimen  is  illuminated  by  a  white  light  source 
and  loaded  in  simple  tension  by  a  Tinius  Olsen  testing  machine.  The  speckle  patterns  of  the  speci¬ 
men  ate  captured  by  a  CCD  camera  and  digitized  by  a  DT-2861  frame  grabber.  The  digital  images 
are  stored  in  an  IBM- AT  personal  computer.  Each  specimen  is  loaded  to  several  deformation  steps. 
One  initial  image  is  recorded  before  loading  and  more  images  are  recorded  after  each  successive 
loading  step.  The  data  processing  is  performed  by  the  computer. 

3.  Data  processing. 

The  data  processing  is  done  by  two  steps.  In  the  first  step,  the  displacement  fields  (U  and  V)  are 
obtained  by  analyzing  the  two  speckle  patterns  corresponding  to  certain  deformation  levels[3,4].  In 
the  second  step,  the  longitudinal  and  the  lateral  strains  (cyy  and  £,«)  are  deduced  from  the  resulting 
displacement  fields.  The  U  and  V  fields  acquired  by  CASI  are  'wo  matrixes  with  16  x  16  elements, 
in  which  each  element  stands  for  the  displacement  component  at  one  point.  The  distance  between 
any  two  adjacent  points  of  the  array  is  32  pixels.  Since  the  tested  specimens  are  und*  f  uniaxial 
tension,  the  U  displacement  at  a  vertical  cross  section  within  the  inspected  area  can  be  regarded  as 
uniformly  distributed  and  so  as  the  V  displacement  at  a  horizontal  cross  section.  Thus,  a  resultant 
U  (V)  displacement  distribution  along  x  (y)  axis  is  obtained  by  averaging  all  columns  (rows)  of 
the  U  (V)  field  matrix.  The  strains  «„  and  «yy  are  finally  determined  by  finding  out  the  slopes  of 
the  U(x)  and  V(y)  distributions  using  a  least  square  fitting.  It  should  be  noted  that  since  both 
displacements  (U  and  V)  and  distances  (x  and  y)  are  estimated  by  pixels,  dimensional  measurement 
on  the  detected  area  is  not  needed  in  the  strain  evaluation. 

Since  the  ductile  specimen  undergoes  much  larger  deformation  than  the  rigid  one,  different 
procedures  of  data  processing  are  adopted  for  the  two  specimens.  For  the  rigid  specimen,  the 
U  and  V  displacement  fields  at  each  loading  level  are  obtained  respectively  by  comparing  the 
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speckle  pattern  at  that  loading  level  with  the  initial  one.  The  deduced  strains  are,  therefore, 
equivalent  to  the  engineering  strains  at  that  loading  level.  For  the  ductile  specimen,  the  relative 
displacement  fields  between  each  two  successive  loading  levels  are  first  investigated  by  processing  the 
two  corresponding  speckle  patterns.  Thus  the  resulting  strains  are  merely  the  incremental  strains 
during  that  loading  stage.  Since  the  incremental  strains  at  each  step  are  small  compared  to  the 
total  strain,  the  effective  true  strains  at  a  certain  loading  1^|^  can  be  obtained  by  summing-all  the 
incremental  strains  before  that  level,  t.e., 

=  ^  (I) 

i=i 

where  is  the  incremental  strain  during  the  tth  loading  step,  and  ej  the  true  strain  after  the  jth 
loading  level.  The  engineering  strain  can  be  simply  converted  from  the  true  strain  by, 

<j  =  ezp(ej)  -  1.  (2) 

The  results  reported  in  the  following  section  are  engineering  strains. 

Results  and  Conclusions 

The  estimateu  stress  and  strain  relations  of  both  specimens  are  illustrated  in  Fig.4.  For  the  first 
specimen,  the  data  obtained  by  strain  gage  method  is  also  plotted  as  a  comparison.  The  standard 
deviations  of  the  strains  evaluated  by  CASI  from  those  by  the  strain  gages  are  100/i«  for  normal 
strain  and  59^e  for  lateral  sttain(Fig.4a).  The  Young’s  modulus  and  the  Poisson’s  ratio  measured 
by  both  methods  are  listed  in  Table  1.  It  can  be  seen  from  the  table  that  the  relative  differences 
between  the  two  sets  of  results  are  4.0%  for  the  Young’s  modulus  and  2.5%  for  the  Poisson’s  ratio. 
The  differences  arc  acceptable  in  a  sense  of  engineering  practice.  The  second  specimen  has  a  non¬ 
linear  stress-strain  relation(Fig.4b).  The  experimental  data  are  fitted  by  the  least  square  method 
using  a  power  law  as  «  =  ao-",  where  a  and  n  are  estimated  as  3.96  and  1.39.  An  approximate 
proportional  stress-strain  relation  is  found  under  1%  strain.  In  the  approximate  linear  range,  the 
elastic  modulus  is  0.039  GPa  and  the  Poisson’s  ratio  is  0.44. 
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It  is  worthwhile  to  mention  that  the  accuracy  of  the  strain  evaluation  does  not  depend  upon  the 
dimension  of  the  inspected  area.  The  size  of  the  detected  area  on  the  specimen  is  selected  based 
on  the  size  of  the  speckles.  In  fact,  there  is  no  critical  size  for  the  detected  area.  According  to  the 
optimal  sampling  criteria  of  the  speckle  pattern[5],  the  sampling  interval  or  pixel  size  is  arranged 
to  be  about  one-third  of  the  speckle  size  in  the  image  plane.  When  larger  speckles  are  built  on  the 
surface  of  the  specimen,  a  smadler  optical  magnification  is  selected  and  a  larger  area  is  monitored; 
when  smaller  speckles,  such  as  laser  speckles,  are  used,  a  larger  optical  magnification  is  employed 
and  a  smaller  area  is  monitored.  The  uncertainty  of  the  measured  displacement  components  is 
proportional  to  the  speckle  size,  however,  the  uncertainty  of  the  evaluated  strains  is  independent 
of  the  speckle  size.  This  is  because  the  size  of  the  effective  gage-length  is  also  proportional  to  the 
speckle  size  at  the  optimal  sampling  rate. 

CASI  is  found  to  be  a  good  method  for  measuring  finite  deformation.  The  uncertainty  of  the 
measured  strain  range  is  under  100  nc.  The  method  retains  the  non-contact  feature  of  conventional 
optical  speckle  interfer'^netry,  it  is  suitable  for  inspecting  stress  and  strain  relations  of  low  modulus 
materials.  The  superiorly  of  it  over  the  conventional  optical  speckle  method  is  that  the  manual 
film  processing  and  fringe  pattern  analyzing  are  not  in  requisition. 
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